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Summary 
 
Slope failures from steep bedrock slopes have occurred in mountain areas throughout time. 
This is a consequence of the topography, geological characteristics, intense freeze-thaw activity 
and oversteepened slopes from glacier erosion. However, during the past decades, an increased 
number of periglacial rock avalanche events have been recorded in the European Alps and 
other high mountain ranges which are thought to be related to permafrost degradation and gla-
cier shrinkage, indicating the potentially serious hazard related to slope instabilities originating 
from high-mountain faces. 
The primary aim of this study is an interdisciplinary investigation of topographic, geological, 
cryospheric and climatic factors influencing high-mountain rock slope stability in view of the 
ongoing climatic change. The investigation of slope instabilities in high-mountain faces must 
account for the large variety of factors and processes and also consider the difficult conditions 
for data acquisition. The objectives of this study, where detachment zones of recent periglacial 
rock avalanches in the European Alps are investigated based on a multi-scale approach, can be 
divided in (a) the investigation and modelling of slope instabilities on periglacial high-mountain 
faces in order to better understand the different factors and processes leading to a slope failure, 
and (b) the application of different data acquisition and investigation techniques to test their 
suitability for steep faces in complex and difficult high-mountain terrain.  
The implemented approaches consist of 1) a GIS-based statistical multi-factor analysis of 
detachment zones over the entire Central European Alps based on a rock avalanche inventory, 
2) a GIS-based multi-factor analysis and detailed remote-sensing-based time-lapse topographic 
investigations of the Monte Rosa east face using LiDAR and digital photogrammetry, and 3) 
geomechanical analysis and numerical slope stability modelling of the Tschierva rock avalanche 
at the Piz Morteratsch. 
This study has shown that in most cases a combination of several critical factors leads to a 
slope failure and no specific single primary factor was distinguished. The two factors slope an-
gle and a pronounced discontinuity system are included in critical factor combinations at all 
failure magnitudes. The change in a factor and the time scale of change are considered to be 
more important than the individual factors. Rapid changes in a factor do not allow adequate 
stress redistribution within a flank and therefore, the critical shear strength may be exceeded. A 
large number of detachment zones were found to be located in areas with recent changes in 
glaciation and near the lower limits of local permafrost occurrence. Glaciers, mainly influencing 
the topography, and permafrost, mainly affecting the groundwater regime and geotechnical 
characteristics of discontinuities, are currently the predisposing factors having the fastest 
changes. However, slow processes such as progressive failure were also found to contribute to 
slope instabilities. 
The present study demonstrates the benefits of a multi-scale approach and the combined 
application of conventional and novel techniques for the investigation of slope instabilities in 
high-mountain terrain. Furthermore, the findings provide a fundamental basis for prospective 
slope instability susceptibility analyses and subsequent hazard assessments. 
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Zusammenfassung 
 
Felsstürze aus steilen Felswänden finden in Gebirgsregionen schon seit jeher statt. Dies ist 
bedingt durch die Topographie, aber auch durch geologische Charakteristiken, intensive Ge-
frier/Tau-Zyklen und übersteile Wände infolge Glazialerosion. Während der letzten Jahrzehnte 
wurde jedoch eine erhöhte Anzahl von Sturzereignissen registriert, sowohl in den europäischen 
Alpen wie auch in anderen Gebirgsregionen. Viele dieser Stürze werden mit Veränderungen im 
Permafrost und mit dem Gletscherrückzug in Verbindung gebracht, und sie zeigen die potenti-
ellen Risiken im Zusammenhang mit solchen Instabilitäten in hochalpinen Steilwänden. 
Das Hauptziel dieser Arbeit ist es, topographische, geologische, kryosphärische und klimati-
sche Faktoren, welche die Hangstabilität beeinflussen, in einer interdisziplinären Untersuchung 
hinsichtlich der aktuellen Klimaveränderung zu untersuchen. Untersuchungen von Instabilitä-
ten in hochalpinen Felswänden müssen einerseits die verschiedenen Faktoren und Prozesse 
miteinbeziehen, andererseits auch die erschwerten Bedingungen für die Datenerhebung berück-
sichtigen. Die Ziele dieser Arbeit, bei der Anrisszonen von periglazialen Felssturzereignissen in 
den europäischen Alpen auf verschiedenen Skalen untersucht wurden, lassen sich daher folgen-
dermassen formulieren: (a) Die Untersuchungen und Modellierungen von Instabilitäten in peri-
glazialen Felswänden sollen zur Verbesserung des Verständnisses der einzelnen kritischen Fak-
toren und der gesamten Prozesse beitragen, welche zu einem Sturzereignis führen. (b) Ver-
schiedene Datenerhebungs- und Analysemethoden sollen verwendet werden, um ihre Anwend-
barkeit in steilem, periglazialem Terrain zu testen. 
Die verwendeten Ansätze bestehen aus 1) einer GIS-basierten Multi-Faktoren-Analyse, 
welche ein Felssturzinventar über die Zentralalpen auswertet, 2) einer GIS-basierten Multi-
Faktoren-Analyse und hochauflösenden topographischen Analysen der Monte Rosa Ostwand 
basierend auf LiDAR-Daten und digitaler Photogrammetrie, und 3) geomechanischen Analysen 
und nummerischen Stabilitätsmodellierungen des Tschierva Felssturzes (Piz Morteratsch). 
Die Resultate dieser Arbeit zeigen, dass meistens nicht ein einzelner Faktor, sondern eine 
Kombination von verschiedenen Faktoren für Hanginstabilitäten verantwortlich ist. Die Hang-
neigung und ausgeprägte Kluftsysteme kommen jedoch für jede Grössenordnung von Sturzer-
eignissen in der Faktorkombination vor. Die Veränderung eines Faktors und der Zeitraum der 
Veränderung scheinen wichtiger zu sein als die einzelnen Faktoren. Eine schnelle Veränderung 
verhindert angemessene Spannungsumverteilung innerhalb einer Flanke und daher kann die kri-
tische Scherfestigkeit eher überschritten werden. Viele Anrisszonen befinden sich in Gebieten 
mit kürzlichem Gletscherrückzug und in der Nähe der Untergrenze von lokalen Permafrost-
vorkommen. Gletscher, welche vor allem Einfluss auf die Topographie ausüben, und Perma-
frost, welcher hauptsächlich die Grundwasserverhältnisse und geotechnischen Eigenschaften 
von Diskontinuitäten beeinflusst, sind derzeit jene Faktoren, die sich am schnellsten ändern. Es 
gibt jedoch auch Prozesse, welche über lange Zeit zu Instabilitäten führen können, wie zum 
Beispiel die kontinuierliche Weiterentwicklung und das Öffnen von Klüften. 
Die vorliegende Studie zeigt die Vorteile eines Multi-Skalen-Ansatzes und der kombinierten 
Anwendung von konventionellen und neuen Techniken zur Untersuchung von Hanginstabilitä-
ten im Hochgebirge. Ausserdem bilden die Resultate eine wesentliche Grundlage für eine flä-
chendeckende Abschätzung der Suszeptibilität und anschließende Gefahrenbeurteilungen. 
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1 Introduction 
 
1.1 Motivation 
Global climate fluctuations over long time periods strongly affect mountain environments, es-
pecially those with alpine glaciers and permafrost occurrence (O’Connor and Costa, 1993). Due 
to their proximity to melting conditions, mountain glaciers and permafrost are particularly sen-
sitive to climate changes (e.g., Haeberli and Beniston, 1998; Harris et al., 2001a; IPCC, 2007). 
As a consequence, climatic developments during the 20th century have caused pronounced ef-
fects in the glacial and periglacial belts of high mountain areas. The changes are made strikingly 
evident by the retreat of Alpine glaciers, with an overall area loss since 1850 of almost 50% in 
2000 (Paul et al., 2004; Zemp et al., 2006). Less immediately visible but also very significant are 
changes in Alpine permafrost. During the past century, subsurface temperatures have warmed 
by about 0.5 to 0.8°C in the upper tens of meters (Harris and Haeberli, 2003; Harris et al., 
2009). Since the Little Ice Age maximum (around 1850), the lower permafrost altitudinal limit is 
estimated to have risen vertically by about 1-2 m/year (Frauenfelder et al., 2001). Such fast 
changes in the Alpine cryosphere result in changed or enhanced periglacial processes such as 
increased sediment availability in recently deglaciated areas, formation and growth of ice-
marginal and supraglacial lakes, floods and debris flows from the release of moraine- and gla-
cier-dammed lakes, stable and unstable glacier length changes, rock and ice avalanches from 
steep valley walls, and debris flows (O’Connor and Costa, 1993; Evans and Clague, 1994; Kääb 
et al., 2006). 
Slope failures from steep bedrock slopes have taken place in mountain areas throughout 
time. This is a consequence of the steep topography of these areas, their geological and struc-
ture-geological characteristics, intense freeze-thaw activity and oversteepened slopes from gla-
cier erosion (e.g., Cruden and Hu, 1993; Ballantyne 2002; Evans et al., 2002; Hall et al., 2002). 
However, during the past century, an increased number of periglacial rockfall events have been 
recorded in the European Alps and other high mountain ranges which are thought to be related 
to permafrost degradation and glacier shrinkage, indicating the potentially serious hazard related 
to slope instabilities in alpine faces (e.g., Evans and Clague, 1994; Haeberli et al., 1997; Barla et 
al., 2000; Geertsema et al., 2006; Huggel, 2009; Papers II, III, IV). Rock avalanches often affect 
limited areas due to relatively short runout distances. However, as a trigger factor for other 
periglacial hazards such as floods and debris flows, slope failures from steep faces can be ex-
tremely hazardous and have the potential for far-reaching disasters, such as the extreme exam-
ple of the Kolka/Karmadon rock avalanche (North Ossetia) that killed over 100 people in 
downstream areas (Kääb et al., 2003; Haeberli et al., 2004), or the ice avalanche linked with an 
earthquake-induced rock avalanche from Nevado de Huascarán (Peru) in 1970 that resulted in a 
mass movement killing thousands of people (Körner, 1983). 
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Climate change induces disturbance of glacial and periglacial belts and can shift hazard zones 
beyond historical knowledge. As a result, historical data alone are insufficient for hazard as-
sessment. It is difficult to ascertain whether the frequency and magnitude of events have actu-
ally increased. However, situations with no historical precedent already occur and must be faced 
in the future. 
So far, numerous investigations on slope failures have been performed on natural slopes in 
lowland areas as well as on artificial excavation slopes; periglacial rock avalanches, however, lack 
profound investigation. Most periglacial rock avalanche investigations have been conducted at a 
descriptive level and few detailed studies about slope failure processes are known (e.g., Barla 
and Barla, 2001; Noetzli et al., 2003; Eberhardt et al., 2004). Understanding the spatio-temporal 
variability of mass movement processes on high-alpine bedrock slopes requires an understand-
ing of the processes relevant to local slope instability as well as knowledge about the spatial and 
temporal variability of the relevant boundary conditions. In addition, a better understanding of 
the impacts of climatic change on the high-mountain environment has become increasingly im-
portant, as human settlements and activities have extended progressively towards endangered 
zones in many alpine regions (Frauenfelder, 2005). Mountainous regions have experienced ac-
celerated economic development during recent decades with growing tourism, associated trans-
portation infrastructures and communication facilities, increasingly extending towards endan-
gered zones in many regions (e.g. Turner and Jayaprkash, 1996). 
Slope failures of different type, size and velocity may represent a significant threat to popu-
lation, settlements and infrastructure worldwide. In order to optimize hazard recognition and 
early warning systems, knowledge about possible slope failure zones is necessary (e.g. Keefer 
and Larsen, 2007). Therefore, attention must also be paid to the processes leading to rock slope 
failures (e.g. Keusen 1997). Slope instability phenomena are related to a wide variety of factors 
involving the physical environment (Soeters and van Westen, 1996; Dikau and Glade, 2002). 
Thus, assessment of hazards from periglacial faces requires knowledge about these factors. For 
this reason it is necessary to apply multidisciplinary investigation techniques considering the dif-
ferent physical characteristics of these factors. Most engineering slope stability investigation ap-
proaches do not include cryospheric factors, and cryospheric studies tend to neglect the geo-
logical aspects. New investigation and modelling methods have to be evaluated and combined 
with established ones for hazard detection and management in steep periglacial faces. The on-
going changes in the glacial and periglacial zone pose the challenge of finding innovative obser-
vation and modelling approaches for related slope instabilities. 
 
1.2 Objective and research questions 
The primary objective of this study is to conduct an interdisciplinary investigation of the topog-
raphic, geological, cryospheric and climatic factors controlling high-mountain rock slope stabil-
ity in view of ongoing climatic change based on a multi-scale approach. To further this aim, de-
tachment zones of recent periglacial rock avalanches in the European Alps are investigated. The 
investigation of slope instabilities in high-mountain faces has to account for the influence of 
various factors and processes and must also consider the difficult conditions for data acquisi-
tion. The objectives of this study are, therefore: (a) the investigation and modelling of slope in-
stabilities on glacierised and permafrost-affected high-mountain faces in order to better under-
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stand the different factors and processes leading to a slope failure, and (b) to analyse different 
investigation techniques for documenting and studying steep faces in complex and difficult 
high-mountain terrain.  
The main research question addressed is the following: 
What are the factors influencing slope instabilities in perennially frozen 
and glacierised steep rock walls and how can they be investigated? 
This research question can be further divided into the following four sub-questions: 
1. What are the primary factors that contribute to slope instabilities?  
The basis for the understanding of slope failures is the knowledge of the different factors influ-
encing slope stability. Few studies on high-mountain bedrock failures have included the influ-
ence of cryospheric changes induced by atmospheric warming. 
2. What are appropriate techniques for data acquisition and measurement?  
A major obstacle to data acquisition and closer examination of steep high-mountain rock walls 
is the complicated access. Therefore, appropriate techniques have to be evaluated and com-
bined for data acquisition in situ and from remote sensing approaches. 
3. What are feasible approaches for the assessment of slope instabilities?  
The complexity of slope stability problems requires a number of different analysis techniques to 
consider the relevant physical processes and factors. The primary focus is to use and evaluate 
different methodological approaches.  
4. What is the scale-dependence of the different factors and analysis methods?  
Not all factors can be investigated on the same scale and with the same methodological ap-
proaches. The influence of this scale dependence on slope stability analysis should be evaluated. 
 
1.3 Structure of the thesis 
The thesis is divided into two parts (see Figure 1.1): 
Part A provides a synopsis of the research conducted within the framework of this thesis 
and integrates it into a wider scientific context. It consists of six chapters. Following the present 
introduction, Chapter 2 summarises the scientific background on which this study is based and 
creates the link between previous research and the present work. This review of the scientific 
background is divided into a process-oriented part, where the main characteristics of periglacial 
rock slope failures, observed rock avalanche events, controlling factors and their response to 
climate change are reviewed. The second part of the scientific background introduces the cur-
rent state-of-the-art in data acquisition techniques, slope stability modelling methods and factor 
analyses. Chapter 3 presents the approaches used in this study and describes the study sites. 
Chapter 4 summarises the main research results derived from the publications on which this the-
sis is based. A general discussion of the main tasks and findings is given in Chapter 5. A sum-
mary of the main contributions and findings, concluding remarks and an outlook on the future 
research are formulated in Chapters 6. 
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Part B of this thesis contains full versions of the five papers which comprise the scientific work 
of this thesis (Figure 1.1).  
 
Part A: Overview  Part B: Papers 
 
1 Introduction  
2 
Scientific back-
ground 
3 
Conceptual frame-
work 
4 
Main research 
Results 
5 General discussion 
6 
Conclusions and 
perspectives 
 Methodological Technical/Case studies Scale 
I Methodical design for 
stability assessment of 
permafrost-affected 
high-mountain rock 
walls 
II On the influence of geo-
logical, topographic and 
cryospheric factors on 
slope instabilities: Statisti-
cal analyses of recent Al-
pine rock avalanches 
102-104  
km2 
  III Geology, glacier retreat 
and permafrost degrada-
tion as controlling factors 
of slope instabilities in a 
high-mountain rock wall: 
the Monte Rosa east face 
100-101 
km2 
  IV Monitoring topographic 
changes in steep periglacial 
high-mountain faces, 
Monte Rosa east face, Ital-
ian Alps 
100-101 
km2 
  V The 1988 Tschierva rock 
avalanche (Piz 
Morteratsch, Switzerland): 
An integrated approach to 
periglacial rock slope sta-
bility assessment 
10-2-100 
km2 
Figure 1.1: Schematic structure of the thesis, showing the contents of the two main parts ‘Overview’ and ‘Pa-
pers’. In the right column, the primary area/scale of investigation of the corresponding papers is specified. 
 5 
 
2 Scientific Background 
 
2.1 Rock slope instability in high‐mountain areas 
In this chapter, the scientific background of the research conducted in the thesis is outlined, fo-
cusing on the factors and processes influencing slope instability in high-mountain terrain af-
fected by surface and subsurface ice. Firstly, the context of rock slope instability in high-
mountain areas is outlined by introducing the characteristics of high-alpine faces, discussing the 
relevance of slope instabilities in such faces and recently observed Alpine rock avalanche 
events. Secondly, the environmental factors influencing slope stability and the response to cli-
mate change are described. 
2.1.1 Characteristics of steep high‐mountain rock walls 
Steep high-alpine rock walls are characterised by their elevation, steep gradients, pronounced 
relative relief, periglacial environment, possible permafrost occurrence and glaciation on or ad-
jacent to the face (e.g. Barsch and Caine, 1984). The periglacial zone is defined as a frost-
dominated region peripheral to glaciers (Zepp, 2002; French, 2004). These areas are located in 
the vicinity of, and are influenced by, glacial environments that include glaciers and permafrost 
occurrence, and hence the lower limit of the periglacial zone varies regionally. In the European 
Alps, the lower limit of glaciation is currently about 1500 m a.s.l. and was roughly 200 m lower 
during the Little Ice Age. The lower limit of discontinuous permafrost occurrence in steep 
slopes depends mainly on slope aspect and varies roughly between 2500 m on northern aspects 
and 3000 m a.s.l. on southern aspects (e.g. Gruber et al., 2004a). 
The surface coverage of steep high-alpine faces consists mostly of bedrock and ice with little 
to no talus material, given the steep slope angle (Figures 2.1a, 2.1b). Vegetation on steep perigla-
cial faces is marginal, consisting mostly of only lichens and mosses. The ability to retain snow is 
inversely proportional to the slope gradient. Therefore, snow cover on steep slopes is usually 
shallow and intermittent, and its insulation effects are minimal (Gruber and Haeberli, 2007). 
Hence, the subsurface thermal regime is more directly coupled with the atmosphere than on less-
inclined slopes. The subsurface thermal regime of the bedrock is often characterised by the oc-
currence of permafrost. Temperature and ice content may vary strongly depending on location, 
geological setting and water occurrence. Hanging glaciers and extensive ice coverage are a reliable 
sign of permafrost occurrence (Alean, 1985; Haeberli et al., 1997; Lüthi and Funk, 2001). 
The ice cover in such faces can appear in the form of single hanging glaciers and firn fields 
(Figure 2.1c), connected hanging glaciers and firn fields (Figure 2.1b) or even consist of large-
area ice and firn coverage building up ice faces (Figure 2.1a). The surface morphology can ex-
hibit variances between rugged and highly weathered structures (Figure 2.1d), and smooth land-
forms from glacial overprints (Figure 2.1f). 
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Figure 2.1: Photographs of different types of high-alpine faces. [a]-[c] show examples with varying degree of 
ice cover, from an ice face with several hanging glaciers to a sparsely ice-covered face. [d]-[e] show different 
morphological examples of non-glaciated high-alpine faces with varying surface characteristics. [a]: north face 
of Liskamm (Switzerland), [b]: east face of Monte Rosa (Italy), [c]: north face of Mont Brulé (Switzerland), [d]: 
east face of Mont Collon (Switzerland), [e]: west face of Les Drus (France), [f]: south-east face of M. Noir de 
Peuterey (Italy). Photographs [a] from www.stadler-markus.de, [b-f] taken by L. Fischer. 
 
The slope gradient of steep bedrock faces ranges from about 35° to vertical, and even over-
hanging zones may occur. Zemp (2002) identified a threshold of 34° for the separation of de-
bris-covered and bedrock slopes based on analyses of the rock signature in Swiss topographic 
maps. Gruber and Haeberli (2007) introduced a gradient of 37° as an approximate threshold of 
steep rock slopes. However, depending on local morphology, debris accumulation can also oc-
cur in concave topography steeper than this threshold, for example in couloirs. In the Swiss 
Alps, steep rock slopes with gradients over 35° and locations above 2000 m a.s.l. cover an area 
of about 3900 km2 and hence 9.6 % of the area of Switzerland (Paper II).  
2.1.2 Observed and investigated slope failure events 
Numerous rock, ice and combined rock/ice avalanche events have taken place in high-
mountain areas throughout history as they are an important geomorphic process on steep high-
mountain rock walls (Sauchyn et al., 1998). This is a consequence of the steep topography of 
these areas and the high relief energy, but also geological and structure-geological characteris-
tics, climatic factors such as intense freeze-thaw activity and erosion of steep slopes by glaciers 
(e.g., Cruden and Hu, 1993; Ballantyne 2002; Evans et al., 2002; Hall et al., 2002). 
A mass movement is a downward and outward movement of slope-forming material under 
the influence of gravity and can range from slow deformation to very rapid detachment of ma-
terial. In this work, only rapid mass movements from bedrock areas are considered and investi-
gated. Failure mechanism in steep bedrock slopes can be fall, topple, slide and flow (Cruden 
and Varnes, 1996). However, the failure mechanisms are difficult to investigate and rarely 
known. Therefore, a classification will be made based on the volume of the failed rock mass 
alone. Rapid mass movements from bedrock failures are divided within this work into two 
classes based on the suggestion by Hungr et al. (2001): Rockfall typically involves relatively 
small volumes <10,000 m3, whereas rock avalanches contain volumes of more than 10,000 m3. 
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The motion of rock avalanches is massive, in that the bulk of the rock fragments moves as a 
semi-coherent flowing mass. Rockfall, in contrast, is more a talus-forming rolling, falling and 
bouncing of blocks. Slope failure events have been observed, reported and investigated 
throughout recorded history. Comprehensive information about rapid mass movements in the 
European Alps has been available sporadically since the beginning of the twentieth century, and 
documentation has increased during recent decades. This is probably related to enhanced and 
accelerated economic and touristic development in mountainous areas and increasing interest in 
recent climatic change and its impact on geosystems of high-mountain environments. 
For prehistoric rock avalanches, mostly the deposit areas alone are identifiable, the location 
of the detachment zone is in many cases unknown or difficult to identify. Therefore, specula-
tion about failure process and causes has its limits. In Matthews et al. (1997), available temporal 
and spatial information on large rapid mass movements during the Holocene in Europe, but 
also in other regions, are summarised and the nature of climatic controls on such mass move-
ments considered. Detailed information on prehistoric and historic rock avalanche events in the 
European Alps can be found in Buck (1921), Heim (1932), Montandon (1933) and Abele (1974, 
1994a, 1994b). Montandon (1933) developed an inventory of 160 historic mass movement 
events and Abele (1974) enlarged this inventory with a number of prehistoric and historic rock 
avalanches and landslides and presented comprehensive topographic and geological analyses of 
these events. Most of these large rock avalanches are considered to be influenced by an over-
steepening of the slopes due to Pleistocene glaciation, although most of them did not fail im-
mediately after the melting of the ice (Abele, 1994a). 
During recent decades, a considerable number of contemporary rock and combined 
rock/ice avalanche events originating from alpine regions have been described and investigated, 
many of which are thought to be related to permafrost degradation and glacier shrinkage. Fig-
ure 2.2 shows the detachment zones of selected rock avalanche events. Rock and combined 
rock/ice avalanche events in the European Alps have been documented in Porter and Orom-
belli, (1980), Alean (1984), Eisbacher and Clague (1984), Noetzli et al. (2003), Deline (2001), 
Schoeneich et al. (2004), Ravanel and Deline (2008), and Paper II. Increased rock avalanche ac-
tivity on the Monte Rosa east face (Italy) is documented in Haeberli et al. (2002), Kääb et al. 
(2004), Fischer (2004, 2006), Paper III, with major rock and ice avalanche events in 2005 and 
2007 (Papers I, IV). Comprehensive data compilation and analyses of rockfall events in lowland 
to alpine areas of Switzerland have been performed by Gruner (2004), however most of these 
events were located below periglacial mountain belts. 
Strikingly, a great number of rock avalanches with volumes of more than 1·106 m3 have oc-
curred in the European Alps during the last few decades. The Brenva rock avalanche in the Ital-
ian Aosta Valley (Januar, 1997) detached from recently deglaciated terrain and mobilised on its 
run out path a volume of about 2·106 m3 of snow and ice from the Brenva glacier which devel-
oped into an airborne powder avalanche (Barla et al., 2000; Deline, 2001; Giani et al., 2001; 
Barla and Barla, 2001; Bottino et al., 2002; Figure 2.2A). At the same location, an earlier rock 
avalanche had occurred in 1920 (Deline, 2001). The detachment zone of the Val Pola landslide 
(Italy) in July, 1987 is situated at the altitude of the expected lower limit of mountain perma-
frost. This slope failure with a volume of about 40·106 m3, containing blocks of ground ice from 
the uppermost part of the detachment zone, caused several casualties and significant damage 
(Dramis et al., 1995, Giani et al., 2001; Govi et al., 2002; Crosta et al., 2004). A recent very large 
event in the periglacial zone occurred from the Punta Thurwieser near Bormio (Italy) in Sep-
tember 2004 with a volume of about 2.5·106 m3 (Cola, 2005; Sosio et al., 2008). 
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Figure 2.2: Selected examples of detachment zones of recent rock avalanche events 
in the European Alps. [A] Brenva, 1997 (G. Mortara), [B] Tschierva, 1988 (A. 
Amstutz), [C] Chärpf, 2007 (O. Adolph), [D] Eiger, 2006 (L. Fischer). 
A much larger event occurred at Randa (Switzerland) in April, 1991, with a volume of about 
30·106 m3, destroying the main road and rail line and damming the Vispa river with subsequent 
flooding of a village (Sartori et al., 2003; Willenberg, 2004; Eberhardt et al., 2004). A collapse of 
a rock wall involving 2·106 m3 occurred at the Eiger (Switzerland) in summer 2006, caused by 
recent glacier retreat (Oppikofer et al., 2008; Figure 2.2C). In October 2006, two rock avalanche 
events with volumes of around 1·106 m3 occurred at Dents du Midi and Dents Blanches in the 
western Swiss Alps. 
Outside of the European Alps, many events having a volume of more than one million cu-
bic meters, some with catastrophic consequences, have been documented during recent dec-
ades, e.g., worldwide by Evans and Clague (1988, 1994), Hewitt et al. (2008) and Huggel (2009), 
for New Zealand by Cox and Allen (2009), McSaveney (1992, 2002), McSaveney et al. (1992), 
Chinn et al. (1992) and Augustinus, (1995a, 1995b), for North America by Evans and Clague 
(1988, 1994), Sauchyn et al. (1998), Evans et al. (2002), Geertsema et al. (2006), and Clague 
(2008). An enormous rock/ice slide occurred in September 2002 on the northern slope of the 
Kazbek massif, North Ossetia, Russian Caucasus (e.g., Haeberli et al., 2004; Kotlyakov et al., 
2004; Huggel et al., 2005). The detachment zone was probably in a complex condition having 
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relatively cold/thick permafrost combined with warm, possibly unfrozen, parts with meltwater 
flow in very steeply inclined hanging glaciers with temperate firn introducing heterogeneous 
permeability (Haeberli et al., 2003). The impact of this massive rock/ice fall from the steep ice 
face on the Kolka glacier resulted in an almost complete erosion of a valley glacier (Kolka gla-
cier) and led to a >100·106 m3 avalanche causing the death of over 100 people in downstream 
areas. This disaster is of worldwide importance since the erosion of a valley-type glacier due to 
impact from slope failure originating in an ice face has not been historically documented previ-
ously (Huggel et al., 2005). An event of such magnitude, in the relatively densely populated 
Alps, could have enormous consequences.  
During the hot summer of 2003, an exceptional frequency of rockfalls was observed in the 
European Alps (Keller, 2003). Numerous smaller events occurred during the summer months, 
e.g., at the Monte Rosa east face, the Matterhorn, the Eiger north face, the Piz Bernina west 
face or at the Dent Blanche. These small-volume events are likely to be related to the fast ther-
mal reaction of the subsurface of steep rock slopes by an extension of the active layer thickness 
and a corresponding destabilisation of ice-filled discontinuities (Gruber et al., 2004b).  
2.1.3 Relevance of slope failures in high‐mountain rock walls 
The relevance of slope instabilities in mountain regions evolving in slope failures and rapid 
mass movements relates to two main fields: 1. formation of the alpine landscape, and 2. natural 
hazards.  
The present-day landscape – including its topography, geological structures, and composi-
tion – is the result of millions of years of dynamic development and modification. The topog-
raphic features exposed on the surface are relatively young in age, but the geologic structures 
and composition from which the features were carved can be quite old (Rib and Liang, 1978). 
The high relief of the mountain areas results from endogenic forces of the plate tectonics and 
volcanism. Over a long time period, exogenous forces lead to the erosion of this high relief 
through physical factors (e.g., solar radiation, freezing processes), chemical factors (e.g. chemical 
weathering) and mechanical factors (e.g. glacial and fluvial erosion). Erosion can occur continu-
ously area-wide as denudation, but also periodic large mass losses also contribute to erosion 
(Matsuoka et al., 1997, Sass, 2005). The collapse of cliff faces by rockfall and rock avalanches is 
a primary mode of bedrock erosion in alpine environments and exerts a first-order control on 
the morphometric development of these landscapes (Ballantyne, 2002; Moore et al., 2009). A 
number of field studies have been carried out on the distribution and quantity of rockfall as a 
contributor to erosion and rock wall recession (Rapp, 1960; Sass, 2005; Rabatel et al., 2008; 
Krautblatter et al., 2009). 
Rock avalanches and rockfall present a major geological hazard in many parts of the world 
(e.g., Abele, 1974; Eisbacher and Clague, 1984; Evans et al., 2002; Haeberli et al., 2004). Hazard 
assessment is made difficult by a variety of complex initial failure processes and uncertain 
runout behaviour (Evans et al., 2002). It is often hindered by an incomplete understanding of 
the processes involved, and the episodic and catastrophic nature of related events limits the ap-
plication of physically based models. Additionally, current climate change induces disturbance 
in glacier and permafrost equilibrium and can shift hazard zones beyond the historical-empirical 
knowledge. 
Direct effects of slope failures from steep rock walls are generally restricted to limited areas, 
but can affect existing infrastructures and densely populated high-mountain regions. In combi-
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nation with other periglacial hazard types, rock and ice avalanches have the potential for trigger-
ing far-reaching disasters (e.g. Kääb et al., 2005). Such process interactions can be, for example, 
combined rock and ice avalanches or a rock avalanche impacting a periglacial or supraglacial 
lake, triggering a lake outburst with possible far-reaching flooding and debris flow events. In 
fact, many of the largest known periglacial catastrophes featured hazard combinations and/or 
process chains (Plafker and Erickson, 1978; Körner, 1983; Röthlisberger, 1981; Richardson and 
Reynols, 2000; Huggel, 2004; Haeberli et al., 2002; Haeberli et al., 2003). Documented cases of 
rock avalanches in the European Alps and in other mountain regions indicate that their travel 
distances can be extended in glacial environments (Porter and Orombelli, 1981; Evans and 
Clague, 1988; Bottino et al., 2002). This is thought to be due to travel on low-friction snow/ice 
surfaces, fluidisation by snow and ice melting, generation of basal water pressure by frictional 
heating, and channelling or air launching by moraines (Evans and Clague, 1988). Furthermore, 
rock avalanches occurring in winter or impacting on a glacier have the potential to strongly in-
crease their volume by the entrainment and incorporation of a significant amount of ice and 
snow, which may drastically enlarge runout distances (Evans and Clague, 1988; Barla et al., 
2000; Bottino et al., 2002; Kääb et al, 2003).  
For hazard assessment, the localisation of possible slope instabilities is fundamental. There-
fore, sound knowledge about the nature and possible locations of slope instabilities and poten-
tial slope failures is essential for hazard assessment and mitigation. The general tendency in 
high-mountain areas with a scenario of accelerated future warming (e.g. IPCC, 2007) could be a 
widespread reduction in the stability of formerly glacierised and perennially frozen slopes and a 
marked shifting of hazard zones with considerable changes in the involved processes. However, 
the nature of slope instabilities and processes contributing to slope failure in periglacial high-
mountain areas, including the factors permafrost and glaciers, are still insufficiently understood. 
2.1.4 Environmental factors influencing slope stability 
Slope stability is determined by the interplay of driving and resisting forces and is in equilibrium 
when all forces balance each other out. Slope instability occurs when gravitational and other 
types of shear stresses within a slope exceed the strength of the material that forms the slope 
(Terzaghi, 1950; Brunsden, 1985, 1993) and some form of mass movement, ranging from creep 
to avalanches, occurs.  
What is required for slope instability formation is a critical combination of normal and shear 
stresses where the applied shear stress approaches, equals or exceeds the shear strength of the 
rock mass (Figure 2.3). 
Shear stress: τ = ρhg sinβ     (1) 
Normal stress: σ = ρhg cosβ      (2) 
where ρ is rock density, h is the depth, g is gravity, and β is the slope angle 
The shear strength of the rock mass may be defined as being composed of two compo-
nents, cohesion and friction, as follows (Terzaghi, 1962; Wu and Sangrey, 1978): 
 s = c + σ’n tanԄ     (3) 
where: s = shear strength, σ = normal stress 
σ’n = effective normal stress on the discontinuity (σ’n = σ – u) 
u = pore pressure, c = cohesion, Ԅ = angle of friction 
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Figure 2.3: Normal and shear stress as 
well as an indicated shear strength in a 
simplified assumption of planar failure. 
 
The stress field within a rock wall depends on a number of different factors and processes, 
which affect the state of stress inside and at the boundary of the slope (Figure 2.4). In this work 
a factor is defined as a physical component that occurs in and on a rock wall. Each factor has a 
given static state – a change in the state of a factor over time is induced by a specific process. 
Process is defined as a sequence of changes of a factor over a specific time, i.e. dynamic.  
The characterisation and definition of the factors contributing to slope stability is complex 
and many different approaches have been introduced in engineering geology to date. Whalley 
(1974) summarised the basic criteria affecting the stability of a rock wall as follows: A) proper-
ties of the rock mass, B) geometric configuration of the rock mass, C) external factors affecting 
stability. In other studies, the predisposing factors are categorised into topographical, geomor-
phological, geological, geomechanical and hydrological factors (e.g., Cruden and Varnes, 1996; 
Eberhardt, 2006; van Westen, et al., 2008). Permafrost and glaciers are two additional environ-
mental factors in high-mountain areas (Haeberli et al., 1997; Paper I) that have been rarely con-
sidered in engineering geology studies. 
 
 
 
 
 
 
 
 
 
Figure 2.4: Schematic view of the 
environmental factors influencing 
the stability of periglacial faces. 
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Figure 2.5: Cause-and-effect relationship between rock mass processes and slope instability problems 
(adapted from Eberhardt, 2006). This scheme reveals the fluent transition from predisposing to trig-
gering factors. 
 
According to Varnes (1978) a slope failure can have several causes and the eventual release of 
rock mass is driven by one or more triggering factors (Kienholz, 1997; Meissl, 1998; Figure 2.5). 
Triggering factors are by definition a stimulus causing a near-immediate response in the form of 
a slope failure by rapidly increasing stresses or reducing the strength. 
Triggering factors include earthquakes (e.g. Keefer, 1984), intense rainfall and rapid snow-
melt, volcanic eruptions and, rarely in high-mountain areas, disruptive human influence. How-
ever, slope failures may occur without an apparent trigger and result from the culmination of a 
process combination that gradually brings the slope to failure (Whalley, 1974; Wieczorek, 1996). 
A distinct separation of the predisposing and trigger factors is very difficult in many cases, as 
there are strong interactions and floating transitions from predisposing to triggering (Figure 
2.5). The action period of these factors varies widely, and may range from a very short time in 
the case of strong earthquakes to a very long time, for example, in the case of progressive fail-
ure. Depending on the context, the same factor might act at one location as a disposition factor 
and at another location as a triggering factor, such as for example, frost weathering or water 
pressure. Therefore, the term ‘environmental factor’ will be used in the following for both pre-
disposing and trigger factors.  
In this work, ‘environmental factors’ are divided into the following groups: topography, 
geology, glaciers, permafrost, groundwater, and weather (Figure 2.4). They are described in the 
next chapter and ordered according to their susceptibility to change. The factors topography 
and geology are the ones that are most constant over a long time period, glacier and permafrost 
can vary within a shorter timeframe and the groundwater, influenced by weather, is most prone 
to rapid changes. In nature these factors typically occur simultaneously, have complex interac-
tions and these interactions may, in fact, provide an important clue to potential slope failure. 
These interactions, together with the history of slope changes, are fundamental to the develop-
ment of slope instability. 
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2.1.4.1 Topography 
Topography describes the ground surface geometry, implying the relief and the location of spe-
cific features. Topography results from a long-term interplay between endogenic and exogenic 
forces, mainly consisting of tectonic deformations and erosion. The topography and its evolu-
tion influence the occurrence and spatial distribution of slope instabilities due to the strong in-
fluence on stress and strain fields within a rock wall and therefore is a fundamental parameter 
for slope stability (Sowers and Royster, 1978; Evans et al., 2002). Relief characteristics and slope 
gradient are decisive for a rock mass to detach. Gerber and Scheidegger (1969) state: “The 
higher a rock wall, the larger is the overburden pressure, and the steeper a slope, the larger the 
stresses close to the slope surface”. The curvature of a rock wall affects the stress field within it-
self: convex slopes experience more tensile stress whereas concave areas are more relieved 
(Meissl, 1998). Radiation and humidity may differ according to aspect, which in turn influences 
permafrost characteristics and, to a certain extent, the rock weathering intensity. Altitude pri-
marily influences the temperature regime. Topography is closely connected to the geological 
setting and the geomorphological history of a rock wall (erosion, glacial overburden), which, in 
turn, also effectively influence the geomechanical setting.  
2.1.4.2 Geological setting  
The geological setting is determined by the lithology, the geological structures and the geotech-
nical properties of the intact rock mass, and the discontinuities. Except for the rare case of a 
completely unfractured rock unit, the majority of rock masses can be considered as assemblages 
of blocks delineated in three dimensions by a system of discontinuities (Norrish and Wyllie, 
1996). The lithology designates mineralogical composition of the different rock types. The 
weathering susceptibility of mineralogical constituents might affect the development of micro-
cracks and joints. Alteration of components may change shear strengths and pore spaces (Whal-
ley, 1974). The strength parameters that are usually of greatest significance for slope stability 
analysis are the cohesion and friction angle of the rock mass (Willye and Norrish, 1996). How-
ever, both the resistance and compressive strength of the rock mass may be of importance, de-
pending on the local geological and stress conditions. While the lithology of the rock mass plays 
a secondary role, the transition between different lithologies is important for slope stability, as 
lithology contrasts on rock walls may lead to differential erosion or different hydraulic regimes 
(Evans et al., 2002; Meissl, 1998; Papers III, V). 
The stability of hard rock slopes is not only controlled by intact rock strength, but to a large 
extent by the geological structures (e.g., Sowers and Royster, 1978; Goodman, 1989; Giani, 
1992). The geomechanical setting includes the discontinuities within intact rock mass, their oc-
currence, type, geometry, and properties. The controlling structural features are joints, bedding 
planes, fault zones, cleavage planes, schistositi, and folds. These structural features can be de-
termined by the lithological setting, but are often formed as a reaction to changing stress fields 
due to tectonic activity, erosion or glacial debuttressing. The presence and geometry of discon-
tinuities and their geotechnical characteristics (frequency, orientation, spacing, persistence, aper-
ture, roughness, infilling) control the mechanical behaviour of a rock slope (Terzaghi, 1962; Bi-
eniawski, 1989; Ballantyne, 2002). The most important structural parameter is the orientation of 
such discontinuities in space and relative to the rock face (Goodman, 1989; Sauchyn et al., 1998; 
Moore et al., 2009; Paper V). Discontinuities dipping out of slope must be carefully considered 
due to their high potential for instability (Piteau and Peckover, 1978). The shear strength as a 
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major parameter for stability is directly related to the geotechnical properties of discontinuities 
such as cohesion, friction angle, aperture, infilling, and weathering.  
2.1.4.3 Glaciers 
Glaciers influence the temperature and stress field as well as the hydrological setting of steep 
rock slopes. In the context of large mountain faces, two different glacier types can be identified 
that influence slope stability in different ways. Steep glacierisation including hanging glacier 
covers minor to large areas within a rock wall, while valley glaciers are situated below rock walls. 
Basal ice temperatures, which influence the thermal field in the underlying bedrock, may vary 
from temperate, close to the pressure-melting point, to cold temperatures largely below 0°C 
(Paterson, 1994; Suter, 2002). Ice temperatures depend on parameters such as air temperature, 
accumulation rate, solar radiation, clouds, surface albedo, wind, meltwater runoff, percolation 
and refreezing of meltwater, ice flow (Zagorodnov et al., 2006).  
Hanging glaciers are often polythermal and then have two thermally different parts: (1) cold ice 
frozen to bedrock forms the vertical/impermeable ice cliffs where meltwater runs off immedi-
ately and ice lamellas break off as an important ablation process of these ice bodies, while per-
colation and refreezing of meltwater cause the existence of (2) much warmer or even temperate 
firn and ice below the less steep upper surfaces where snow accumulation predominates (Alean, 
1985, Lüthi and Funk, 2001; Haeberli, 2005). The glaciers with zones of cold ice are thus con-
nected to the permafrost environment (Etzelmüller and Hagen, 2005). Hanging glaciers on a 
face are therefore an indicator of permafrost. As hanging glaciers on steep faces are subject to 
shear stresses, their thickness is limited for the given steep slope gradients. They fail when the 
basal shear resistance or tensile strength is exceeded (Pralong, 2005). They usually do not exert 
as much influence on the stress field in the bedrock as valley glaciers. Alpine valley glaciers are 
mostly temperate glaciers with liquid water occurrence at the glacier bed. Therefore, bedrock 
below valley glaciers is considered not to be affected by permafrost. As long as the ice is pre-
sent, a valley glacier supports adjacent bedrock faces (Abele, 1974). The erosion by, and retreat 
and down-wasting of, valley glaciers, in turn, may induce long-term change in the thermal and 
stress fields inside the rock wall (Wegmann et al. 1998, Eberhardt et al., 2004).  
2.1.4.4 Permafrost 
Permafrost or perennially frozen ground is defined as material of the lithosphere that remains at 
or below 0 °C throughout the year, for natural climatic reasons (cf. Brown and Péwé, 1973; van 
Everdingen, 1998). It is thus defined purely on the basis of temperature and time. Mountain 
permafrost has a complex spatial distribution that depends largely on altitude, radiation and 
snow distribution in space and time (Haeberli et al., 1983; Hoelzle et al., 2001; Harris et al., 
2001a; Gruber et al., 2004a). The influence of permafrost on rock wall destabilisation is a very 
young field of research, but recent studies on the thermal conditions of rockfall starting zones 
confirm the importance of permafrost (Haeberli et al., 2003; Noetzli et al., 2003). Permafrost 
occurrence on a rock wall may influence the geotechnical characteristics of discontinuities. 
From a geotechnical viewpoint, the most important factors are the amount of ice content, its 
temperature, and unfrozen water content (Mellor, 1973; Davies et al., 2001). It is suggested that 
slow growth of segregation ice over long periods of time during permafrost formation may 
widen joints in their frozen state (Murton et al., 2001; Sass, 2005). Likely impacts of warming 
surface temperatures within the permafrost zone include active-layer thickening, basal melting 
causing permafrost thinning, and hydrogeological changes (Harris et al., 2001a). The shear 
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strength of ice-bonded discontinuities is strongly affected by the thermal regime in the sub-
surface and may be reduced by a rise in temperature with a stability minimum between -1.5 and 
0°C (Davies et al., 2001; Harris et al., 2001a; Gruber and Haeberli 2007). The melting of ice-
filled rock joints, in turn, also influences the hydrological regime, and may result in an increase 
in water pressure on the one hand, or higher permeability on the other. 
2.1.4.5 Groundwater 
The groundwater occurrence within a rock slope depends on surface topography, hydro-
geological properties, and the infiltration of rainfall and melting snow. Groundwater flow af-
fecting the hydraulic regime is one major factor that governs the stability of rock slopes (Ter-
zaghi, 1962; Sowers and Royster, 1978; Erismann and Abele, 2001; Gugliemi, 2008). The hy-
draulic setting on a steep rock wall is closely connected to the topography, geological setting, 
geomechanical characteristics, glaciation, and permafrost occurrence. Piezometric measure-
ments in rock slopes have shown that pressure distribution can be very complex, depending on 
rock joint systems (e.g. Watson et al., 2004). Water pressure is probably the most important fac-
tor affecting slope stability from an external source. According to Piteau and Peckover (1978), 
Terzaghi (1962), Serafim (1968), Müller (1964), and Giani (1992), existing groundwater within a 
flank and changes in hydraulic pressures can affect stability by 1. physically and chemically af-
fecting the pore water and its pressure in joint infilling material, thus altering the strength pa-
rameters of the materials, 2. exerting hydrostatic pressure on joint surfaces, thus reducing the 
shearing resistance along potential failure surfaces by reducing the effective normal stresses 
acting on them, and 3. affecting intergranular shearing resistance, thus causing a decrease in 
compressive strength. 
Krähenbühl (2004) showed, based on long-term measurements of meteorological and dis-
placement data, that heavy precipitation in autumn may have a stronger influence on displace-
ments than comparable events during summer and spring because fracture opening is largest in 
autumn and therefore maximal joint water pressure can be built up. Additionally, cyclic loading 
of fluid pressure in joints following precipitation or snowmelt events likely contributes to pro-
gressive failure of intact rock bridges. For groundwater, however, its flow pattern in rock 
masses is insufficiently known and quantitative analysis is highly uncertain (Hantz et al., 2003). 
2.1.4.6 Climate and Weather 
The climatic conditions determining the long-term precipitation and temperature regime of a 
region mainly influence glacier and permafrost occurrence and the erosion rate of the bedrock. 
The weather has more short-term influence on the slope stability and is an important dynamic 
factor influencing slope instabilities (Sowers and Royster, 1978). The two main weather compo-
nents affecting slope stability are precipitation and air temperature. Wind can contribute to low-
volume erosion and rockfall. 
The groundwater regime of a slope is strongly linked with the weather, primarily with the 
precipitation. Heavy rainfall or fast snow-melting events can rapidly increase water pressure 
within a rock wall (e.g. Terzaghi, 1962). Bedrock weathering is influenced by different weather 
components. Changes in bedrock caused by weathering include wetting and drying processes, 
hydration, the removal of cementing agents, and freeze-thaw processes. The most important 
and effective form of weathering in high-mountain zones is frost weathering (Wegmann, 1998; 
Hall et al., 2002). Rocks may disintegrate under cycles of freezing and thawing or thermal ex-
pansion and contraction (Cruden and Varnes, 1996; Matsuoka and Murton, 2008). Frost weath-
Chapter 2 
16 
ering depends on temperature variations, the available moisture, the lithology and structural ge-
ology. Discontinuities determine the size and form of the weathering product and moisture, and 
they also relieve convective heat transport is in these areas. Different models of frost weather-
ing exist, but the key factor is always the freezing of water in the rock mass. Freezing water in a 
discontinuity can exert a very high pressure on the discontinuity walls (Hack, 2002). Frost 
weathering and rockfall activity is the subject of longstanding field observations and measure-
ments (e.g., Matsuoka and Sakai 1999; Matsuoka 2001) and lab experiments (Murton et al., 
2006). The two most important forms of frost weathering in high-mountain zones can be de-
scribed using the volume expansion model (Matsuoka, 1991) and the segregation ice model 
(Hallet, 1983; Murton et al., 2006). Expansion of water due to freezing widens existing joints 
and may produce new ones, and acts mainly in superficial rock sections, while the segregation-
ice process with the development of ice lenses is more effective at larger depths (Hallet et al., 
1991). Many frost cycles lead to fatigue and an opening of the rock mass (Matsuoka, 1991). In-
vestigations by Sass (2005) show that the occurrence of permafrost enhances frost weathering. 
Temperature cycles may cause movements in the bedrock. Fractures in brittle rock types may 
open at low temperatures due to contraction of the rock mass, whereas such deformations are 
stagnant or even reversed during warm seasons (Gruner, 2004). 
2.1.4.7 Time and progressive failure 
Time is another essential factor. Not only the current state of environmental factors influences 
the slope stability but also history of slope changes. Natural rock slopes undergo progressive 
failure over time (Piteau and Peckover, 1978). Murrell and Misra (1962) note that time-
dependent strains occur when rock material is subjected to relatively high stresses for long peri-
ods. Most of the forces involved in such deformations are indeterminate functions of time, 
which are dependent on the effects of regional stresses, alteration processes in the mass, physi-
cal and chemical action of groundwater, and seasonal variations in temperature and rainfall. 
These lead to fatigue and the opening of cracks with irreversible deformations and progressive 
weakening of the mass (Piteau and Peckover, 1978; Paper V). In addition, slope deterioration 
can be affected by progressive failure processes that act to reduce rock mass strength. Progres-
sive failure is predominately driven by the propagation of fractures through intact rock pieces 
connecting existing discontinuities (Einstein et al., 1983; Eberhardt et al., 2004; Prudencio and 
Van Sint Jan, 2007). 
2.1.5 Response to climate change 
Gradual or abrupt changes in one or more of the above-mentioned factors may change slope 
stability equilibrium and eventually lead to slope failure. Currently, permafrost and glaciers are 
the two environmental factors particularly prone to rapid changes in relation to ongoing climate 
change. Topography and geology react less strongly and more slowly to climatic changes. After 
Abele (1994a), climatic variations can affect slope stability in different ways: by changing the 
hydrological conditions, by glacier oscillation and by changing the thermal regime. Changes in 
distribution and ice temperatures of glaciers and permafrost occurrence can have large impacts 
on the local rock wall stress field, hydrologic and geomechanical properties (Evans and Clague, 
1994; Wegmann et al., 1998; Davies et al., 2001; Gruber and Haeberli, 2007).  
Glacial erosion and oversteepening, in combination with the relaxation of internal stresses 
after deglaciation (Evans and Clague, 1994; Augustinus, 1995a) and the associated propagation 
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of internal joint networks are considered to result in time-dependent rock-slope weakening (Sar-
tori et al., 2003; Cossart et al., 2008). The removal of lateral support through glacial erosion and 
subsequent glacier retreat changes the in situ stress field and induces increased shear stresses in 
a face. The response of a rock slope to glacier downwasting may result in progressive slope de-
formations, rapid mass movements such as rockfall and rock avalanches, and deep-seated land-
slides (Evans and Clague, 1994; Augustinus, 1995a; Abele, 1994b; Ballantyne, 2002; Eberhardt 
et al., 2004). The three modes of response are all consequences of stress redistribution and re-
lease and may act in a combined way. The failure mode, scale and timing of periglacial rock-
slope adjustment are strongly conditioned by rock mass strength, and in particular discontinuity 
sets (Ballantyne, 2002). Oversteepened slopes are generally thought to adjust rapidly to the 
changing stress conditions by a reduction of the slope gradient. Cruden and Hu (1993) pro-
posed an exhaustion model of temporal distribution of rock slope failures which basically sug-
gests that the number of failures exponentially decreases following deglaciation. 
As a direct consequence of glacier retreat and ice surface lowering, previously ice-bonded 
rock walls become exposed, which in turn also induces changes in the temperature distribution 
inside the bedrock to great depths (Wegmann et al., 1998; Haeberli et al., 1999; Kääb, 2005; Pa-
per III). Previously held at the pressure melting point (≈0°C) by temperate glacier ice, newly 
exposed rock walls become subject to local atmospheric conditions. Given the appropriate local 
temperature regime, retreat of temperate glaciers can enable the formation of permafrost 
(Wegmann et al., 1998; Kneisel, 2003). Thus, the penetration of a freezing front into previously 
thawed material has the potential to intensify rock destruction and affect hydraulic pressures 
and can, at least in part, be responsible for a decrease in rock wall stability (Hallet et al., 1991; 
Haeberli et al., 1997; Wegmann et al., 1998; Matsuoka et al., 1998; Kneisel, 2003). Additionally, 
freezing in the surface layers seals the rock wall. Such ice formation reduces the near-surface 
permeability of the rock walls involved and may cause increased hydraulic pressures inside non-
frozen fissured rock sections (Tart, 1996; Wegmann et al., 1998; Paper V). 
Permafrost degradation and a rise in the subsurface ice temperature have – especially in sec-
tions of relatively warm permafrost occurrence – a strong influence on the stability of steep 
rock walls (Wegmann et al., 1998; Davies et al., 2001; Noetzli et al., 2003). Ground tempera-
tures in steep rock faces are more directly coupled to atmospheric influence than on flat or gen-
tly sloped terrain where snow, vegetation and soil cover effect a complex buffer. According to 
Gruber and Haeberli (2007), different physical processes may link warming permafrost and de-
stabilisation of steep bedrock, such as the loss of ice bonding in fractures, reduction of shear 
strength and increased hydrostatic pressure. Extensive parts of currently perennially frozen rock 
walls will most probably warm up to depths of many decametres, thereby reaching temperatures 
of around 0°C, which are known to be especially critical for stability because of the simultane-
ous occurrence of ice and water in cracks and fissures (Harris et al., 2009). Permafrost degrada-
tion through advection by running water can rapidly lead to the development of deep thaw cor-
ridors along fracture zones in permafrost (Gruber and Haeberli, 2007) and potentially destabi-
lise much greater volumes of rock than conduction can in the same time (Huggel, 2009). Cyclic 
variations and increase of water pressure in previously ice-filled fractures is also likely to con-
tribute to a reduction in stability when permafrost thaws under conditions of warming. Davies 
et al. (2001) showed, on the basis of direct shear box tests, that a rise in temperature might lead 
to a reduction in the shear strength of ice-bonded discontinuities and eventually to a decrease in 
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slope stability. Warming permafrost is, therefore, thought to lead to increasing scale and fre-
quency of slope failures, especially in combination with glacier retreat. 
 
 
2.2 Measuring and modelling of steep rock walls  
2.2.1 Requirement and challenges  
Rock slope stability is complex and influenced by a number of different environmental factors, 
as described in the previous section. Data acquisition in high-mountain regions is particularly 
challenging due to difficult or impossible on-site access, complex topography and difficult ac-
quisition geometry. Specific characteristics of high-mountain environments, such as glacier and 
permafrost occurrence, introduce further complexity (Paper I). Often, field data (e.g., geology, 
geological structure, rock mass properties, groundwater, etc.) is limited to surface observations 
and/or limited by inaccessibility, and can never be known completely, especially for the subsur-
face regime. For slope stability analysis it is important to consider all above-mentioned factors 
and processes, and therefore to use and combine different investigation techniques. In the fol-
lowing, relevant and suitable techniques for the acquisition of the different data sets in steep 
high-mountain faces and application examples are introduced, considering the relevant envi-
ronmental factors described in 2.1. The main focus is the suitability for steep and complex 
periglacial terrain.  
2.2.2 Basic data for factor analysis 
For the generation of basic data, three different approaches can be distinguished: 1) remote 
sensing, 2) in situ measurements, and 3) modelling methods. Remote sensing is an increasingly 
important tool in high-mountain hazard assessment, particularly as new analytical techniques are 
being developed in line with emerging sensor technologies (e.g., Bishop et al., 2000; Kääb et al., 
2005; Quincey et al., 2005; Paper IV). However, several surface and especially subsurface char-
acteristics cannot be investigated using remote sensing techniques and hence in situ measure-
ments have to be performed (Sowers and Royster, 1978). Some parameters such as permafrost 
distribution can be modelled based on topography and weather data. In the following, the dif-
ferent data acquisition methods are introduced based on the scheme in Figure 2.6. As the envi-
ronmental factors vary in scale and extent, data acquisition at different scales has to be consid-
ered separately for each specific factor and purpose. 
2.2.2.1 Remote sensing 
Remote sensing techniques are well suited for data acquisition on ground surface features. They 
offer, with a range of sensors, flexibility in scale and timing (Quincey et al., 2005). Using this 
approach, terrain cover, geometry and dynamics of an area can be investigated without direct 
access. The applicability of remote sensing methods for determination of the topography, sur-
face characteristics and their changes in time and space is predominantly governed by the spatial 
resolution, temporal resolution, timing of data acquisition, and available range of the electro-
magnetic spectrum (Kääb et al., 2005). The different data types appropriate for investigations in 
steep alpine faces include optical, microwave and LiDAR data. 
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ENVIRONMENTAL 
FACTOR 
DATA ACQUISITION 
SLOPE STABILITY 
ANALYSIS 
Remote sensing 
In situ  
methodologies  
Image classi‐
fication 
DTMs 
Mapping/ 
manual meas‐
urement 
Permanent 
installations 
 
1 
Topography/ 
Morphology 
100‐102 m  100‐102 m  100‐101 m    GIS‐based  
heuristic/statistical 
methods 
[1,2,4,5] 
101‐103 m 
2 
Geology 
100‐102 m    100‐101 m   
3 
Geomechanics 
100‐101 m  100‐101 m  point  point 
Kinematic methods 
[1,2,3] 
100‐101 m 4 
Glacierisation 
100‐102 m    100‐101 m   
5 
Permafrost 
      point   
Numerical stability mod‐
elling 
[1,2,3,4,5,6] 
100‐101 m 
6 
Groundwater 
100‐101 m    point  point 
Figure 2.6: Overview of methods for the data collection of environmental factors, indicating approximate 
resolution and possible slope stability analysis applications. The numbers in brackets indicate the necessary 
basis data for the corresponding slope stability analysis, and the approximate resolution is also specified. The 
methods that are applied within this work are marked in dark grey. 
The data sets can be specified in spaceborne optical data (e.g., Corona, Ikonos, QuickBird, 
Landsat series, Aster), aerial images and terrestrial photographs including fix installed automatic 
cameras, spaceborne SAR and InSAR data (e.g., TerraSAR-X, Radarsat-2, ERS, Envisat, Shuttle 
Radar Topography Mission), airborne SAR and ground-based SAR, and aerial as well as terres-
trial LiDAR. This data can be used for the creation of DTMs or for direct analysis of the optical 
data. The optimal spatial resolution of remote sensing data depends on the scale of the factors 
that have to be investigated. An overview of remote sensing methods and available sensors is 
given in Quincey et al. (2005), Metternicht et al. (2005) and Kääb (2008). 
Image classification  
The state of the environmental factors topography and geomorphology, geology, glacierisation 
and superficial water occurrence at a specific moment can be investigated based on image classi-
fication. Furthermore, the comparison of multi-temporal images is an effective technique to de-
fine spatial and temporal changes in surface characteristics. The most common application of 
remotely sensed image data for high-mountain hazard assessment is the interpretation and clas-
sification of the image content (Kääb et al., 2005; Kääb, 2008). In this way, both the spectral 
image information and the spatial context of such information are exploited. The technologi-
cally simplest form of image analysis is manual mapping of features of interest from the imagery 
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available. In particular under conditions of difficult topography and weak optical contrast, as is 
often the case with steep periglacial faces, manual image segmentation might be superior to 
semiautomatic and automatic techniques. However, for rapid, repeated, and/or large-area quan-
titative applications, automatic image classification offers valuable support (Lillesand and Kief-
fer, 2000; Kääb, 2005; Paul et al., 2004; Schowengerdt, 2007). Digital terrestrial and aerial pho-
tos have considerable potential for quantitative analyses of surface characteristics and their 
changes in a rock wall by georeferencing the photo based on a high-resolution DTM or photo-
grammetric techniques and image matching (Corripio, 2004; Roncella and Forlani, 2005). Fur-
thermore, terrestrial photos often have the advantage of high temporal resolution, especially 
when data from an automatic camera is available. Satellite images are, for high-mountain faces, 
often lacking in spatial resolution or due to adverse acquisition geometry unsuitable for detailed 
analyses of detachment zones, but they provide valuable information in remote areas where no 
other high-resolution imagery material exists. Recently launched high resolution sensors with 
oblique stereo channels are still rarely used and could be quite useful in such cases. 
Digital terrain models 
Digital terrain models (DTMs), derived from optical stereo data, LiDAR or SAR data, are 
among the most important data sets for investigating high-mountain processes. The three-
dimensional position of earth surface points and hence the topography can be described with a 
DTM (e.g. Weibel and Heller, 1991). Based on DTM analyses, information about the topogra-
phy, geomorphology and structural geology can be extracted (e.g. Jaboyedoff et al., 2004a, 
2004b). Furthermore, the comparison of repeat DTMs or DInSAR is an effective technique to 
exactly define terrain surfaces and their temporal changes in elevation (Kääb, 2002; Baldi et al., 
2002; Kääb et al., 2005). 
Derivation of DTMs from stereoscopic satellite images has considerable potential as satellite im-
ages are available over large areas and multi-temporal data is available (e.g., Kornus et al., 2006, 
Gruen et al., 2007). However, both DTM resolution and accuracy are typically in the range of 
decametres and may be even more reduced in steep mountain flanks (e.g., Bishop et al., 2003; 
Huggel, 2004; Kääb, 2008). This is often insufficient for detailed stability-related topographic 
analyses in high-mountain areas. Nevertheless, such DTMs can be useful for investigations in 
areas where no other data is available as well as for the landslide analyses in moderately inclined 
terrain (e.g. Nichol et al., 2006). Digital photogrammetry based on aerial or terrestrial images en-
ables DTM and orthoimage generation. This is a particularly important method in view of the 
existing archives of analogue aerial images representing an invaluable source to investigate long-
term topographic changes (Baltsavias, 1999; Kääb et al., 2005). Digital aerial photogrammetry 
has been applied in diverse studies in mountainous terrain, such as on volcanic faces (Baldi et 
al., 2002, 2008; Kerle, 2002), landslides (Dewitte et al., 2008) and steep rock walls (Buchroith-
ner, 2002; Züblin et al., 2008). Terrestrial photogrammetry has only rarely been applied in stud-
ies in alpine slopes (e.g. Lerjen et al., 2003). However, photogrammetric processing of aerial im-
ages is very challenging for high-alpine rock walls due to large distortions of the images caused 
by the steepness and unfavorable data acquisition geometries, low image contrasts in glaciated 
areas and occlusion on vertical and overhanging slopes. It has, therefore, seldom been achieved 
in high resolution for such terrain.  
Airborne and terrestrial laser scanning is a rapidly emerging and highly promising tool for acquir-
ing very high-resolution DTMs for glacier and high-mountain areas (Baltsavias, 1999; Baltsavias 
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et al., 2001; Geist et al., 2003; Janeras et al., 2004). From repeated measurements it is also possi-
ble to derive terrain displacements (Kääb et al., 2005). Terrestrial laser scanning is increasingly 
applied for surveying small-sized rock walls for topographic and stability-related analyses in 
lowland as well as alpine terrain (Ruiz et al., 2004; Scaioni et al., 2004; Alba et al., 2005; Runqiu 
and Xiujun, 2008; Rabatel et al., 2008; Oppikofer et al., 2008). In high-alpine terrain, terrestrial 
laser scanning is mainly limited through difficult on-site access and the limited range of the 
scanner. Therefore, airborne laser scanning is a promising alternative. It has been used for dif-
ferent topographic analyses on rock slopes such as for example for coastal geomorphology 
(White and Wang, 2003; Lim et al., 2005; Rosser et al., 2005), earthquake-induced landslides 
(Chen et al., 2006) or landslide morphology (Glenn et al., 2006), but not on high-alpine steep 
slopes. 
DInSAR is especially useful for area-wide detection of small superficial movements over 
long time periods and corresponding slope instabilities (e.g. Strozzi et al., 2004). In steep rock 
walls this technique has been rarely applied. Ground-based DInSAR technology is a capable 
tool for slope deformation studies (Luzi et al., 2007; Singhroy and Molch, 2004). However, this 
technique has so far been applied mainly for investigations of landslides in sedimentary material 
(e.g., Leva et al., 2003; Antonello et al., 2004) and rarely on steep bedrock faces. Nevertheless, 
the ground-based DInSAR performed for investigations of the Randa rock avalanche area pro-
vides valuable results about displacements and active release planes (Gischig et al., submitted). 
Another project for monitoring slope instabilities in the Monte Rosa east face belongs to the 
first ground-based DInSAR applications on steep rock walls (Luzi et al., 2007). 
2.2.2.2 In situ methodologies 
Mapping and on­site measurement  
Information about the environmental factors topography, geomorphology, geology, geome-
chanics and superficial water occurrence can be extracted based on in situ mapping and manual 
measurements. Surface observations and mapping of surface characteristics provides the basis 
for slope stability analyses (Keaton and DeGraff, 1996). Basic tools and techniques for surface 
observation and geological mapping require access to the field site. Terrestrial surveying with 
theodolites, GPS (global positioning systems) and laser rangefinders can be used for the meas-
urement of selected points. Salvini (2006) stated that in the last years automatic total station 
technology has shown very large improvements. It is nowadays suitable to be applied in geo-
logical surveying and monitoring. However, no area-wide topographic survey can be done with 
these methods (Kääb, 2005; Oppikofer et al., 2008).  
On-site engineering-geologic investigations consist of the mapping of surface features of 
both the lithological and the geomechanical setting. Their purpose is to document surface con-
ditions in order to provide a basis for projecting subsurface conditions. Preliminary rock mass 
characterisation can be performed in the field, for example based on the Rock Mass Rating sys-
tems RMS (Bieniawski, 1989) or the Geological Strength Index GSI (Hoek, 1994; Cai et al., 
2004), which can be used for estimating the rock mass characteristics and strength from field 
observations. A preliminary assessment of the intact rock mass properties can be achieved for 
example using the Schmidt hammer method (Aydin and Basu, 2005). More precise measure-
ments on rock mass strength can be performed in the laboratory. By on-site geological survey, 
structural discontinuities of the rock mass are mapped in detail and each feature is quantitatively 
characterised. The geological survey aims to measure a sufficient number of joints to allow sta-
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tistical data analysis (cf. Section 2.2.3.2). The geomechanical and geotechnical properties of dis-
continuities can be assessed by measuring parameters such as orientation, frequency, spacing, 
aperture and surface characteristics based on the application of rock mass classification systems 
(Hack, 2002; Hoek and Brown, 1997; Wyllie and Mah, 2004). In the case of inaccessible ground 
conditions, these types of investigations can also be conducted in the surrounding area with simi-
lar lithological and geomechanical settings. Limited observations of the hydrological regime can 
also be done in-situ and from photographs, for instance observations of water inflow or outflow 
in a mountain face. Surface-water features can be mapped in situ or from imagery data. Springs 
and seeps near the crest of slope can supply recharge zones that provide groundwater to a poten-
tially unstable slope. Springs and seeps near the base of a slope indicate a discharge zone that can 
be helpful in projecting piezometric surfaces in the slope (Keaton and DeGraff, 1996).  
Permanent installations 
Technical instrumentation and associated monitoring have made significant advances during re-
cent decades. Such geophysical instrumentation can be used for the investigation of environ-
mental factors that are not accessible to investigation based on optical and topographic tech-
niques. Geophysical instrumentation for slope stability investigations in mountain regions can 
be divided into three main categories: geotechnical survey, thermal survey, and weather survey. 
In steep high-alpine environments, however, such permanent installations are difficult to install 
and maintain and hence have rarely been used until now. Technical instrumentation in steep 
high-mountain faces mainly concentrates on the near-surface zones as deep borehole installa-
tions are practically impossible in such terrain. Borehole installations, however, have been in-
troduced in the vicinity of steep faces to observe subsurface patterns, deformation patterns, the 
hydrological regime or the thermal regime (e.g. Willenberg et al, 2002; Harris et al., 2001b). 
Geotechnical survey includes slope displacement measurements and groundwater monitor-
ing based on inclinometers, extensometers, and piezometers (e.g. Mikkelsen, 1996). Thermal 
survey includes point measurements of near-surface rock temperatures using temperature log-
gers installed a few cm to dm below the surface The resulting information can constrain perma-
frost distribution and the prevailing thermal regime (Gruber et al., 2003). More insights on infil-
tration, thawing, liquid water circulation and related deformation effects in rock slope on per-
mafrost areas may come from more extensive near-surface installations (Hasler et al., 2008). 
Boreholes equipped with temperature loggers give an indication of temperature distribution at 
depth; equipped with inclinometers and piezometers they give geotechnical information. Geo-
physical techniques are powerful methods for indirect investigations of subsurface characteris-
tics and are used to distinguish between frozen and unfrozen ground (Harris et al., 2001a). Geo-
radar, electrical resistivity tomography and refraction seismics can be applied for the determina-
tion of subsurface structures and the distinction between frozen and thawing rock sections in 
alpine terrain (e.g., Hauck et al., 2004; Heincke, 2005; Krautblatter and Hauck, 2007; Hilbich et 
al., 2008). Geophysical investigations are mainly used as boundary conditions and reference val-
ues either for permafrost modelling or for analyses of the subsurface structures. However, such 
geophysical methods are difficult and complex in their application in steep rock walls and there-
fore rarely exploited (Krautblatter and Hauck, 2007). 
2.2.2.3 Additional basic data 
Additional basic data such as weather data and seismic data can be collected by different 
permanent measurement installations that should be located in the vicinity of the investigation 
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area for sufficient reliability. The climate data, as expressed in the various components of 
weather, can be measured with weather stations. In the European Alps, a dense network of 
weather stations exists, where precipitation, temperature, evaporation, wind, humidity, baromet-
ric pressure and other parameters are measured. The representativeness of such a weather sta-
tion for a specific rock wall strongly depends on the distance and the topographic difference 
(Sowers and Royster, 1996). Information about seismic activity can be obtained from available 
seismic sensor networks, in the Swiss Alps, for instance, from stations of the Swiss Digital 
Seismic Network (SDSnet, www.seismo.etzh.ch). 
Permafrost occurrence is only punctually measurable, but varies strongly in space. For spa-
tial modelling of the permafrost distribution a number of models with varying levels of sophis-
tication and at different spatio-temporal scales have been developed (e.g., Hoelzle et al., 2001, 
Gruber et al., 2003; Harris et al., 2009). Empirical models estimate, based on terrain parameters, 
the probability of permafrost occurrence or temperature (Haeberli, 1975). The three-
dimensional temperature distribution and its evolution with climatic change is an important 
component for rock slope stability considerations, and can be assessed using physically based 
modelling by linking a surface energy balance model with a subsurface heat conduction scheme 
(Noetzli et al., 2007). 
2.2.3 Slope stability analysis and modelling  
Various methods with different levels of sophistication and detail can be used for the analysis 
and modelling of the stability of steep periglacial rock walls. The choice of an appropriate 
method depends primarily on the aim of the investigation, but is also strongly influenced by the 
size and conditions of the investigation zone and the availability of data.  
Three types of approaches can be distinguished (e.g., Soeters and Westen, 1996; Guzzetti et 
al., 1999; Baillifard et al., 2003). These approaches are particularly popular in landslide research, 
but are also used for slope stability investigations in bedrock: 
1.  GIS-based heuristic/statistical methods comparing the distribution of observed rock 
avalanches (by means of an inventory) with the distribution of environmental factors 
thought to cause landslides either directly or indirectly (Carrara et al., 1995; Baillifard, 
2003; Carrara and Pike, 2008). 
2.  Kinematic stability analyses using stereographic interpretations to assess possible failure 
mechanisms (e.g., Norrish and Wyllie, 1996; Jaboyedoff et al., 2004b). 
3.  Physically-based approaches that evaluate stability using physical laws (e.g. Stead et al., 
2006).  
2.2.3.1 GIS-based heuristic/statistical methods 
Geographic Information Systems (GIS) can be used to store, display and analyse data, thereby 
enabling the selection of specific combinations of mass movement parameters to better under-
stand spatial distribution of various slope failure types. GIS-based slope stability investigations 
include qualitative heuristic or quantitative statistical modelling techniques. For the most parts, 
different parameter maps are used and combined to define the spatial variability of geological, 
geomorphological, terrain and landslide inventory parameters (e.g., Carrara et al., 1995; Van 
Westen et al., 2003; Günther et al., 2004; Carrara and Pike, 2008). This approach is often used 
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for landslide susceptibility analyses in sedimentary material; applications for steep bedrock 
slopes are still rare. 
In heuristic methods the expert opinion making the survey is drawn upon to classify the 
groups. This approach is based on a combination of different parameter maps with assigned 
qualitative weighting values (Soeters and van Westen, 1996). Statistical approaches involve the 
overlaying of parameter maps with statistical calculations, and quantitative predictions can be 
done for areas currently free of slope failures but where similar conditions exist (Soeters and 
van Westen, 1996). The importance of contributing factor combinations is calculated and 
weighting schemes can be introduced. The type and accuracy of the available data, however, is 
decisive for the use of a quantitative (statistic) method (Ruff and Rohn, 2008; Ruff and Czurda, 
2008). 
GIS-based factor and susceptibility analyses are widely used for landslide processes. How-
ever, for slope failures from bedrock, very few GIS-based factor studies exist. Giardino et al. 
(2004) performed qualitative classification of large slope instabilities in the Susa and Aosta Val-
leys (Italy). Marquínez et al. (2003) analysed the rockfall susceptibility over a 500 km2 large area 
in the Cantabrian Range (North Spain). They found in a combined GIS-based analysis of talus 
scree, several topographic factors and lithology that the parameter topographic roughness was 
the most significant variable. Baillifard et al. (2003) used a GIS-based parameter rating approach 
for rockfall hazard mapping along a mountainous road in the Valais (Switzerland) over a length 
of 4 km. They performed an automatic assessment of susceptibility using the five criteria prox-
imity to fault, scree slope, presence of a rock cliff, steep slope, and road for a limited area along 
an alpine road where a slope failure had already occurred.  
Abdallah et al. (2004) used GIS-based analyses for establishing the relationships between 
mass movement occurrence and a comprehensive array of terrain parameters over a 2670 km2 
large region of Lebanon. They demonstrate that remote sensing and GIS-based statistical corre-
lations permit dual relations between the inherent parameters to mass movements to be de-
fined, and the most significant ones relating to them to be detected. Their study includes all 
types of mass movement and not only rock slope failures. Eight parameters, i.e., lithology, prox-
imity to fault zone, soil type, distance to drainage line, rainfall quantity, land cover/use, slope 
gradient and slope aspect were considered and the factor lithology was found to be the most in-
fluencing factor on mass movement occurrence. 
Ruff and Rohn (2008) and Ruff and Czurda (2008) applied an index method for landslide 
hazard assessment in a 114 km2 large area in the Eastern Alps on a working scale of 1:25,000 
(Vorarlberg, Austria). Their work is based on 107 rock and soil slides. The factor layers geo-
technical class, tectonic faults, bedding conditions, slope angle, slope aspect, vegetation and ero-
sion were used in the assessment and each factor was weighted with an index ranging from 0 to 
1 according to its importance and iteratively combined into a landslide susceptibility map. The 
geotechnical class and slope angle were found to have the strongest influence on slides. These 
studies reveal that the choice of factors has a strong influence on the results. Therefore, a pref-
erably broad and complete range of factors should be considered to avoid unbalanced or even 
biased analyses. The investigated factors and level of detail is also related to the size of the in-
vestigation area and the investigation scale. The presented studies show that GIS-based analyses 
are applicable on different scales. However, the level of detail often decreases in studies over 
larger areas. 
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2.2.3.2 Kinematic stability analyses 
Kinematic slope stability analysis can be used to evaluate the potential for failure and assess the 
failure mechanism (e.g., Goodman, 1989; Giani, 1992; Stead et al., 2001). The geometric rela-
tionship between the orientation of the discontinuity planes and the orientation of the topogra-
phy determine the kinematic stability of a slope. The first step in assessing a kinematic failure 
potential is detailed evaluation of the rock mass structure. Interpretation of the geologic struc-
tural data requires the use of stereographic projections that allow the three-dimensional orienta-
tion data to be represented and analyzed in two dimensions. The most commonly used projec-
tions are the equal-area net and the polar net (e.g., Hoek and Brown, 1980; Hoek and Bray, 
1981; Norrish and Wyllie, 1996; Figure 2.7.1). For such kinematic analyses the orientations of a 
large number of geological discontinuities have to be measured in situ.  
New methods for the detection and measurement of geological discontinuities were devel-
oped based on high-resolution DTMs (Figure 2.7.2). The increasing availability and precision of 
DTMs aids in the assessment of landslide prone areas where is very limited availability of on-
site data (e.g. Derron et al., 2005). From such DTMs with resolution in cm-dm range, topog-
raphic parameters, morpho-tectonic features and geological structures can be extracted. The 
main discontinuity sets can be distinguished and their geometrical pattern determined. There-
fore, a preliminary assessment of potentially unstable areas may be performed with kinematic 
analyses using only a DTM (e.g., Jaboyedoff et al, 1999; Broccolato et al., 2006). 
Further structural and stability analysis with a DTM is made possible by the recent devel-
opment of geologically oriented GIS tools (e.g, Günther, 2003; Jaboyedoff et al., 2004c; Mote, 
2005; Broccolato et al., 2006). Such tools have been applied, for example, for preliminary rock-
fall hazard assessment in Norway (Derron et al., 2005) and kinematic analyses of the Eiger 
rockslide in Switzerland (Oppikofer et al., 2008). Aksoy and Ercanoglu (2007) developed a dif-
ferent approach for kinematic analyses of discontinuity-controlled rock slope instabilities, where 
kinematic analyses of DTMs are combined with fuzzy set theory. 
 
 
 
 
 
 
Figure 2.7: 2.7.1 shows a comparison of the 
measurements of poles and planes made on a 
DTM (A) and in the field (B) in the lower hemi-
sphere stereographic projection. 2.7.2 shows a 
colour shaded DTM based on the COLTOP-3-D 
method by Jaboyedoff et al. (2007), where each 
position in the lower hemisphere stereographic 
projection has a corresponding colour value. 
(Source: Derron et al., 2005) 
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2.2.3.3 Numerical slope stability modelling 
Numerical slope stability modelling methods provide a powerful tool for the assessment of fail-
ure mechanisms by giving approximate solutions with respect to physical processes, which 
would not be solvable using conventional techniques (e.g. kinematic analysis). Many rock slope 
stability problems involve complex geometry, lithology, in situ stresses, and hydraulic conditions, 
and are further complicated by coupling between these various parameters. For such complex 
slope stability analyses numerical methods are often required. Numerical methods used for rock 
slope stability analysis in 2-D and 3-D may be divided into three approaches: continuum, dis-
continuum and hybrid modelling. The different approaches are described in detail in Stead et al. 
(2001, 2006) and Eberhardt et al. (2004).  
Detailed topographic, geomechanical and geotechnical characteristics of the rock mass are 
the basic input data necessary for numerical slope stability modelling. The quality of the input 
data made available for the analysis may vary such that the objective of the numerical analysis 
focuses on prediction of a slope failure when high quality in situ instrumentation data is present, 
or in cases where the data is limited, as providing a means to establish and understand the 
dominant mechanisms that may affect the behaviour of a slope (Eberhardt, 2006).  
Bhasin et al. (2004) performed dynamic analysis and parametric studies for the rock slope 
stability problem at Oppstadhornet and Kveldsvik et al. (2009) for the Aknes rock slope (both 
western Norway) using the distinct element method UDEC. The purpose of analysis was to 
gain insight into the deformation mechanism of the rock slope and to estimate the volume of 
rock mass that could potentially slide when subject to dynamic forces such as earthquakes. This 
estimation was required in order to assess the runup heights of waves (tsunami) in a fjord that 
could potentially be caused by the rock slide. Similar analyses were performed in the area of the 
Tafjord slide (Norway, 1934), to assess whether subsequent slides were to be expected. For the 
Randa rock avalanche (Switzerland, Eberhardt et al., 2004; Willenberg, 2004), Brenva rock ava-
lanche (Barla and Barla, 2001) and the Tschierva rock avalanche (Paper V), back-calculations of 
the slope failure were performed to evaluate failure mechanism and contributing factors. Cou-
pled hydromechanical modelling was performed by Gugliemi et al. (2008), Bonzanigo et al. 
(2001) and Paper V to assess the influence of water pressure on slope instability.  
Günther et al. (2006) developed a GIS-based specification tool for interactive setup and 
parameterisation of numerical models with GIS data to be processed with UDEC. They repre-
sent a first approach to interlinking a GIS (Geographical Information System) with a 2-D nu-
merical simulation scheme (UDEC) for the modelling of rock slope instability phenomena on 
vertical 2-D cross sections through a GIS-based specification tool. 
These selected studies have shown that numerical slope stability modelling is possible based 
on a range of elementary topographic, geological and geotechnical information. However, for 
sophisticated investigations and forecasting issues, extensive instrumentation of the slopes is re-
quired in order to obtain reference values of displacements, water pressure etc. Such permanent 
geophysical installations are very rare in high-alpine rock walls (c.f. chapter 2.2.2.2). Studies of 
alpine rock slope instabilities have shown that numerical models are a powerful tool for the as-
sessment of failure mechanisms (e.g., Barla and Barla 2001; Eberhardt et al., 2004), but the nec-
essary level of topographic and geotechnical detail limits their application for prediction issues. 
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3 Conceptual Framework 
 
3.1 Methodological approach 
The overview presented in the scientific background chapter reveals that the field of research 
on high-alpine bedrock slope instabilities is still limited, in terms of both the process-oriented 
and the technological part. Current process-oriented research is focused mainly on individual 
phenomena, such as geology, permafrost or glaciers and few multi-disciplinary approaches have 
been used. None of the GIS-based statistical methods or numerical slope stability modelling 
studies ever included the two key factors glacier and permafrost, but focused instead on topog-
raphic and geological factors. However, considering the fact that these two factors are currently 
prone to rapid changes, they must be included in a multi-disciplinary approach for analyses of 
slope stability in periglacial terrain. In the field of technology and methodology, highly promis-
ing advances were achieved during recent years, e.g. in LiDAR techniques, GIS-based methods 
or numerical slope stability analyses. A wide variety of conventional and novel data acquisition 
and modelling techniques have been used and tested in different projects, but only a few of 
these projects are actually situated in high-alpine terrain. Therefore, for most of the techniques 
introduced in the previous chapter, the applicability and potential at steep high-mountain faces 
is rarely known.  
This work is based on a multi-scale approach and comprises different conventional as well 
as novel methodological approaches for data acquisition and the investigation of slope instabili-
ties to test their applicability on high-mountain rock walls. The characteristics of the detach-
ment zones of recent periglacial rockfall and rock avalanche events are considered as possible 
proxy information for the evaluation of essential predisposing factors and processes. The multi-
scale approach consists of a regional-scale study covering the Swiss Alps and adjacent zones, 
considering a larger number of recent rock avalanche events and two local-scale studies concen-
trating each on specific rock walls with recent slope instabilities. Existing base data covering the 
entire investigation area include a digital elevation model with 25 m grid spacing (DHM25 Level 
2; Swisstopo, 2004), a digital lithological map (based on the Swiss Geotechnical Map, 
1:200,000), digital glacier inventories of the Swiss Alps for the years 1850, 1973 and 1998 (Paul, 
2004), a recent permafrost map (FOEN, 2006), orthophotos and topographic maps. Additional 
data was acquired within this project, especially for the two local-scale study sites based on in 
situ field investigations, applying optical remote sensing techniques and by the use of digital 
photogrammetry and aerial LiDAR. The base data sets can be distinguished as point data and 
spatial data. In situ data acquisition methods mainly produce point data which provide a difficult 
basis for spatial exploration. For the acquisition of spatial data, a remote-sensing-based ap-
proach is more suitable.  
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As a brief summary, the different approaches concentrate on 1) a GIS-based statistical multi-
factor analysis based on a rock avalanche inventory over the entire Swiss Alps, 2) a GIS-based 
multi-factor analysis and detailed remote-sensing-based topographic modelling of the Monte 
Rosa east face, and 3) geomechanical analysis and distinct element slope stability modelling of 
the Tschierva rock avalanche at the Piz Morteratsch. 
 
 
3.2 Study sites 
The different study sites are introduced here, as they represent the basis of the entire project 
and of the summary of research papers which follows. 
3.2.1 Regional‐scale approach 
During recent decades, a considerable number of rock avalanche events originating from high-
mountain regions have been described and investigated in scientific studies (cf. Chapter 2.1.2). 
The basis for the regional-scale approach is a rock avalanche inventory containing 57 rock ava-
lanche events that occurred between 1900 and 2007 in the Swiss and adjacent Alps. The de-
tachment zones of the considered events are located above 2000 m a.s.l and the volumes are es-
timated to be around or larger than 1000 m3. The locations of the inventoried events are indi-
cated by red dots in Figure 3.1. 
3.2.2 Local‐scale approaches 
The east face of Monte Rosa, Italian Alps, is located at the Swiss-Italian border (Figure 3.2, A), 
and is among the highest and most impressive mountain faces in the European Alps (2200–
4600 m a.s.l.). During recent decades, the ice cover of the Monte Rosa east face has experienced 
an accelerated and drastic loss in extent. New slope instabilities and detachment zones of rapid 
mass movements have developed in bedrock and ice. Increased rock and ice avalanche as well 
as debris flow activity have been observed. Besides frequent small-volume rock and ice ava-
lanche events since around 1990, an ice avalanche with a volume of more than 1·106 m3 oc-
curred in August 2005, and a rock avalanche of about 0.3·106 m3 detached in April 2007 from 
the upper part of the flank. 
The 1988 Tschierva rock avalanche detached from the western flank of Piz Morteratsch in 
the eastern Swiss Alps (Figure 3.2, B). The Piz Morteratsch is located within the Bernina mas-
sive, Engadine, between Val Roseg and Val Morteratsch, and reaches an elevation of 3751 m 
a.s.l. The rock avalanche occurred on October 29, 1988, with a volume of 250,000 to 300,000 
m3. 
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Figure 3.1: Overview of the spatial distribution of slope failure events. 
 
 
 
Figure 3.2: Location of the Monte Rosa east face (A) and the 1988 Tschierva 
rock avalanche, the detachment zone is marked in red (B). 
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4 Summary of Research Papers 
 
I  Fischer, L., and Huggel, C., (2008). Methodical design for stability assessments of per-
mafrost affected high-mountain rock walls. Proceedings of the 9th International Conference on 
Permafrost, Fairbanks, Alaska, 439-444. 
 
This paper presents a methodological procedure for slope stability analyses, ranging from the 
basic data acquisition to eventual numerical slope stability modelling for high-mountain terrain. 
It discusses the complexity of slope stability problems, including the possible predisposing and 
triggering factors of slope failures in periglacial rock walls, and indicates the difficulties of data 
acquisition and investigations in complex high-mountain terrain. For an integrative assessment 
of slope stability, a better understanding of the state and changes in the predisposing factors is 
particularly important. Changes in the cryospheric environment can also affect other predispos-
ing factors such as the topography, groundwater, geomechanical and geotechnical characteris-
tics, and might reduce the stability of steep rock walls. 
This article provides a review of investigation techniques and proposes a multi-disciplinary 
methodological design for comprehensive stability-directed investigations of predisposing fac-
tors in steep high-mountain rock walls which considers the particular difficulties of steep and 
partly inaccessible ground conditions, based on a combination of on-site and remote methods. 
Such combined approaches implementing different fields of research are particularly relevant in 
view of the effects of recent and future climate change on rock slope stability in such regions. 
The design presented in this paper does not claim to include all possible methods, rather it is 
based on investigation techniques and analyses that were applied and tested within past and on-
going projects in high-mountain terrain. Also, the rapidly advancing technology may require ex-
tension and adaptation of the design in the future. 
The effective application and coupling of measurements, analyses and modelling methods is 
shown based on the two local-scale studies of this thesis: 
• The case study of the Tschierva rock avalanche shows that appropriate method com-
bination including classic geological field investigation techniques, terrestrial and aerial 
image analyses and permafrost modelling allows detailed numerical slope stability 
modelling to be performed and possible failure mechanisms to be evaluated.  
• The much larger Monte Rosa east face with surface and subsurface ice subject to ex-
tremely fast changes, represents most challenging high-mountain conditions and re-
quired a more remote-based approach. Nevertheless, local field surveys could be inte-
grated for a comprehensive spatial and temporal analysis of predisposing factors and 
the location of detachment zones in bedrock and ice. 
Chapter 4 
32 
II Fischer, L., Purves, R.S., Huggel, C., Noetzli, J., and Haeberli, W. (in prep.). On the influ-
ence of geological, topographic and cryospheric factors on slope instabilities: Statistical 
analyses of recent Alpine rock avalanches. Natural Hazards and Earth System Science. 
 
The present study seeks to evaluate and advance existing knowledge of regional distribution of 
recent slope failures on steep periglacial rock walls, especially their most important predisposing 
factors, by the application of statistical analyses. The focus hereby is on the applicability of the 
analyses over a regional scale, including the entire Swiss Alps. 
 
Understanding the spatio-temporal variability of mass movement processes on high-alpine 
bedrock slopes requires an understanding of the processes relevant to local slope instability as 
well as knowledge about the spatial and temporal variability of the boundary conditions. Estab-
lishing statistical relationships between contemporary slope failures and the possible predispos-
ing factors is an important task which aims to assess their influence and importance and to pre-
dict future events under the assumption that these would occur under geo-environmental con-
ditions similar to the recent ones. Our approach relies on the use of a Geographical Informa-
tion System (GIS) with different thematic layers and a Digital Terrain Model (DTM). Because 
of the relatively low number of rock avalanches in the study area, we concentrated on a more 
heuristic approach by a statistical comparison of the characteristics of the detachment zones 
with the settings over the entire area. In this heuristic approach, the factors lithology, elevation, 
slope gradient, glacierisation state and permafrost conditions were considered and an intercorre-
lation between environmental factors over the whole area and the same factors at the detach-
ment zone was performed. 
The compiled rock avalanche inventory is based on the work of Noetzli (2003) and 
enlarged with information from scientific publications, newspaper articles, field observations, 
and personal comments. Information on 57 periglacial rock avalanche events with volumes 
ranging from 1000 m3 to more than 1·106 m3 are available for the time period 1900 to 2007. The 
study area covers a 25,000 km2 region in the Central European Alps, whereby only the areas 
above 2000 m a.s.l. were considered for the analyses in order to limit them mainly to the 
periglacial zones. The percentage of area decreases strongly from 45% between 2000 and 3000 
m a.s.l. to only 5% above 3000 m a.s.l., whereas the proportion of detachment zones above 
3000 m a.s.l. (60%) is higher than between 2000 and 3000 m a.s.l. (40%). 
 
The main results can be summarised as follows: 
• Slope gradient, elevation and recent glaciation changes were found to have the strongest 
influence on slope failures. 
• The detachment zones are not evenly distributed over elevation but the proportion 
strongly increases at elevations above 2800 m a.s.l. and even more above 3400 m. 
• As only 7% of the detachment zones show mean slope gradients below 40°, this value 
could be taken as a rough threshold for the critical slope gradient for rock avalanches in 
prospective susceptibility analyses. 
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• The lithology influences the volume rather than the frequency of a slope failure. Granite 
fails more in small-volume events, whereas gneiss and limestone lithologies are associ-
ated with both large- and small-volume events. 
• Almost half of the rock avalanche events occurred in areas with recent deglaciation ef-
fects (i.e. since the end of LIA around 1850). 
• Especially the slope failures of the volumetric classes from 10,000 m3 to 100,000 m3 are 
influenced by recent changes in glaciation. 
• A large number of detachment zones are located close to the modelled lower boundary 
of permafrost. Especially for small-scale volumes, changes in the extent of the active 
layer and in water availability are influential. However, in order to draw further conclu-
sions about the influence of permafrost, more detailed information on the thermal set-
ting and ice content at each detachment zone would be required. 
 
The results of this combined analysis of detachment zones and the entire area have shown that 
zones of increased susceptibility can be distinguished descriptively by identifying regions with 
critical factor combinations. However, investigations within this study have shown that more 
detailed topographic analyses require DTMs with higher resolution than 25 m. The factors 
structural geology and groundwater were not included in this multi-criterion approach as it is 
impossible to investigate them at the regional scale. However, local-scale analyses have shown 
(Paper V), that just these two factors might contribute largely to slope instabilities. Therefore, 
further research should be conducted to enable the investigation of these two factors at a re-
gional scale.  
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III Fischer, L., Kääb, A., Huggel, C., and Noetzli, J. (2006): Geology, glacier retreat and per-
mafrost degradation as controlling factors of slope instabilities in a high-mountain rock 
wall: the Monte Rosa east face. Natural Hazards and Earth System Science, 6, 761-772. 
 
This study investigates the present state of and recent changes in the Monte Rosa east face, tak-
ing into account the geological characteristics, the glacierisation and permafrost setting, and 
slope failures in both bedrock and ice. The integrated approach is based on a combination of 
remote sensing data and in situ field investigations, and complemented by modelled permafrost 
estimations. The main focus of this study is the assessment of the influence of the geological 
setting, glacier retreat and permafrost degradation on the current rock and ice avalanche activity.  
The detachment zones of slope failures were mapped based on field investigations in 2003 
and 2004 and supplementary analyses of aerial and terrestrial imagery. The investigation re-
vealed strongly enhanced mass movement activity since about 1990 with successive formation 
of new detachment zones. Detailed geological mapping showed that the Monte Rosa east face 
is characterised by layers of two different lithologies, orthogneiss and paragneiss. Especially in 
the steep upper part of the face, the two lithologies alternate frequently, affecting many transi-
tion zones between the two lithologies. 
The digital mapping of glacier outlines was based on topographic maps, orthophotos, terres-
trial photographs and field observations, and allowed quantitative spatial analyses to be made of 
changes in glaciation since around 1900. An accelerated and drastic loss in glacierisation extent 
starting around 1990 was observed in the steep part of the face. Permafrost distribution was esti-
mated by applying two empirical models. They showed that the upper half of the Monte Rosa 
east face was in a permafrost condition, and they localised the lower boundary of the permafrost 
occurrence at about 3100-3600 m a.s.l., depending on aspect, slope gradient, and snow/ice cover. 
The results of the factor analyses were compiled in a GIS and the overlay of each investigated 
factor revealed spatial as well as temporal linkages between the individual factors, and allowed 
qualitative conclusions to be drawn concerning their influence on the formation of new slope in-
stabilities. A comparison with observed detachment zones of rock avalanches showed that: 
• a large number of them are situated in the transition zones between ortho- and paragneiss; 
• most of the detachment zones on the Monte Rosa east face are located in areas where sur-
face ice has disappeared recently; 
• many detachment zones are located at the altitude of the lower boundary of the estimated 
permafrost distribution, where warm and degrading permafrost is presumed to exist. 
This study indicates that the formation of detachment zones seems to be caused to a large ex-
tent by a combination of different predisposing factors and that the three investigated factors, 
geology, glacierisation and permafrost, represent a mere subset of a complex network of differ-
ent factors, processes and feedback mechanisms in a steep rock wall. For further analyses and in 
particular for the prediction of hazardous zones, more factors and processes – such as topog-
raphic, geomechanical, hydrological, and climatic factors  and changes – have to be investigated 
and their influence on rock wall stability assessed. Quantitative information on topographic 
changes in particular is required in order to draw detailed conclusions on the processes in-
volved. This task is addressed in Paper IV. 
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IV Fischer, L., Eisenbeiss, H., Kääb, A., Huggel, C., and Haeberli, W. (subm.). Monitoring 
topographic changes in periglacial high-mountain faces using high-resolution DTMs, 
Monte Rosa east face, Italian Alps. Permafrost and Periglacial Processes. 
 
This paper describes a remote-sensing-based approach for detailed topographic investigations in 
steep periglacial high-mountain faces. The main objective of this study is to establish a method-
ology to investigate topographic changes in steep and complex terrain on a detailed scale over a 
long time period. 
To this aim, time series of high-resolution digital terrain models (DTMs) from high-
precision digital aerial photogrammetry and airborne LiDAR (Light detection and ranging) were 
developed. The applicability and quality of digital photogrammetry and LiDAR techniques for 
topographic monitoring tasks in steep and complex high-mountain terrain was of primary inter-
est. Digital terrain models (DTMs) with 2 m resolution were developed from high-precision 
digital aerial photogrammetry for the years 1956, 1988 and 2001 and from airborne LiDAR for 
2005 and 2007, and various aerial and terrestrial photographs were also considered. This ap-
proach enabled detailed investigations over past time periods to be made and a continuation of 
this allows prospective monitoring of hazardous situations in inaccessible areas to be carried 
out.  
The main results and conclusions about the methodology can be summarised as follows: 
• This study represents one of the most detailed and precise topographic data sets for a 
high-mountain face over a long time period. 
• The use of sophisticated software such as SAT-PP enabled digital photogrammetry of 
aerial images to be applied, resulting in high-resolution DTMs even for such steep, gla-
ciated terrain. 
• Aerial LiDAR from airplane and helicopter has proven to be very beneficial for the ac-
quisition of topographic data in steep periglacial terrain. 
• Process understanding of periglacial slope instabilities cannot be gained from DTM ana-
lyses alone; additional observations in the field and the investigation of orthophotos 
and terrestrial images are essential. 
• The transformation of individual DTMs to a common reference system is crucial in 
steep topography as minor offsets between DTMs introduce large errors into DTM 
comparisons. 
The main results and conclusions about topographic changes and the involved processes can be 
summarised as follows: 
• The individual detachment zones of slope failures can be located precisely, provided 
that the temporal resolution of the time lapse DTMs is high (i.e. for the time period 
2001 to 2007). 
• The rapid topography changes in the Monte Rosa east face have differed considerably 
in process, magnitude and timing and reveal strong stability coupling between perma-
frost-affected bedrock and adjacent hanging glaciers. 
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• The main slope failures are strongly spatially related. They started in 1990 on a small 
part of the face with combined rock and ice avalanche activity, proceeding progressive-
ly with a chain reaction of mass wasting processes until the whole Parete Innominata 
and Imseng Channel was ice-free in 2001. 
• Considering the whole period over the past 50 years, a total volume loss of more than 
20×106 m3 of glacier ice and bedrock is revealed, whereby the major part of mass loss 
has occurred since 1990. This huge volume loss has no documented historical 
precedent of similar magnitude on a steep face in the European Alps. 
• At some locations, a rapid ice accumulation and build-up of steep glaciers can be ob-
served in eroded areas of an ice avalanche, whereas at other locations, no ice accumula-
tion can be observed after mass loss. Such differences depend on the local topography 
and on the mass movement activity impacting these zones. 
• The results provide valuable quantitative evidence of topographic changes to help scien-
tists understand the nature and dynamics of change in inaccessible areas. 
To conclude, the remote-sensing-based investigations provide a powerful database for the as-
sessment of changes in glaciation, bedrock and slope instabilities as well as for detailed model-
ling tasks such as permafrost estimations and mass movement runout modelling. In particular 
the LiDAR data collection by helicopter and airplane proved to be an invaluable source of de-
tailed and accurate topographic information in remote, steep and mountainous terrain. This 
novel method combination for steep periglacial terrain was tested at the example of the chal-
lenging Monte Rosa east face. Its main advantage is wide applicability to a range of geological 
and geomorphological problems in inaccessible terrain.  
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V  Fischer, L., Amann, F., Moore, J.R., and Huggel, C. (subm.). The 1988 Tschierva rock 
avalanche (Piz Morteratsch, Switzerland): An integrated approach to periglacial rock slope 
stability assessment. Engineering Geology. 
 
This study focuses on the 1988 Tschierva rock avalanche (Engadine, Swiss Alps) as an example 
of a recent periglacial rock avalanche event. The objectives of this paper are to evaluate factors 
influencing the stability of the affected rock wall in an integrated manner, and to re-analyse the 
slope failure with kinematic and finite element modelling techniques, while focusing on the role 
of glacier retreat, geological setting and groundwater conditions. The study further contributes 
to a testing of possible approaches for slope stability assessment in high-mountain environ-
ments where access and site-specific data are typically limited (cf. Paper I).  
Basis data was collected during in situ field work and deduced from multi-temporal aerial as 
well as terrestrial images, comprising detailed topographic profiles, a lithological map, rock mass 
characterisations and visual groundwater observations. In addition, information on the glacia-
tion history based on a digital glacier inventory, modelled permafrost estimations and meteoro-
logical data from a nearby meteorological station were considered.  
Kinematic analyses of discontinuity-controlled slope instabilities were based on a compari-
son of discontinuity orientation and friction angle with the geometry of the slope surface. The 
results of the kinematic analysis showed that the probability of planar sliding along existing dis-
continuities was significantly higher in the area of the slope failure than in the adjacent stable 
flank.  
Numerical slope stability modelling was performed using the Universal Distinct Element 
Code UDEC (Itasca, 2004) to investigate the influence of different factors and underlying 
mechanisms contributing to this rock avalanche. Besides sensitivity analyses of the key geotech-
nical parameters, modelling experiments were performed with respect to (1) the retreat of LGM 
glaciers and (2) groundwater loading conditions. The glacial unloading of the LGM initiated 
progressive fracturing of discontinuities, which led to displacements within the rock wall along a 
stepped surface, corresponding well with the observed failure surface from the 1988 rock ava-
lanche. Since the slope was stable for many thousands of years following retreat of LGM gla-
ciers, we can assume that there were still intact rock bridges between discontinuities after degla-
ciation. The influence of glacier retreat can therefore be considered as preparatory degradation 
of rock mass strength but is not the primary reason for slope failure. The modelling of ground-
water loading conditions indicated that water pressure not only induced reversible displace-
ments by expansion, but also provoked irreversible vertical settlement in the area of the failed 
slope. Meteorological data documented significant precipitation events in the weeks preceding 
the rock avalanche that probably led to increased water pressure within the flank, especially dur-
ing the pronounced freezing periods in the days before slope failure that could have led to a su-
perficial freezing and consequently to a trapping of groundwater beneath surface ice. 
The following main results can help to improve process understanding: 
• Slow, progressive formation or extension of discontinuities following glacial debutress-
ing at the end of the LGM likely played a key role in long-term degradation of rock 
mass strength.  
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• Similarly, cyclic loading of fluid pressure in joints following precipitation or snow-melt 
events likely contributed to progressive failure of intact rock bridges. 
• The occurrence of permafrost within the failed flank may have influenced slope stabili-
ty, as changes in the temperature and ice distribution related to ongoing atmospheric 
warming combined to reduce discontinuity shear strength while contributing to the 
formation of new groundwater flow paths. 
Our approach of multi-factor analysis in combination with geomechanical modelling proved to 
be appropriate for failure analyses in such complex terrain, despite existing data limitations. 
However, the prevailing uncertainties in permafrost and groundwater conditions are a challenge 
for geomechanical modelling, and therefore more information from in situ installations such as, 
for instance, equipped boreholes, piezometers, temperature loggers and displacement measure-
ments should be available for model calibration. This study has also pointed out that sufficient 
information on rock mass characteristics for reliable analyses can only be obtained by in situ in-
vestigations. This poses a particular challenge that can be overcome only in part by the use of 
advanced technology such as high-resolution remote sensing, and for example, by the extraction 
of structure-geological features from high-resolution DTMs. 
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5 General Discussion 
 
In this chapter a discussion on the main tasks and findings of the thesis is given, linking to-
gether the research presented in Papers I-V. A more detailed discussion of methods and results 
can be found in the corresponding sections of the individual papers, appended in Part B of this 
work. The discussion is structured as follows: in 5.1, the inventoried rock avalanche events are 
discussed, as they provide the basis of the entire project; 5.2 summarises the benefits of the ap-
plied multi-scale approach; the identified influence of changes in predisposing factors on the 
slope stability are described in 5.3; and in 5.4 a short outlook on the possibilities of susceptibility 
analyses based on the results of this work is given. 
 
5.1 Rock avalanche events as proxy data 
The starting point of this work was the compilation of rockfall and rock avalanche events that 
occurred in the Central European Alps. In Switzerland, but also in many other countries, na-
tional databases on rockfalls and landslides exist for populated areas, but data about slope fail-
ures in high-mountain terrain are lacking. Therefore, information had to be compiled from di-
verse sources (Paper II). 
The distribution and characteristics of the detachments zones were considered to serve as 
proxy data for the analysis of predisposing factors for slope instabilities. The compiled rock 
avalanche inventory includes only rapid mass movement processes from steep bedrock and 
contains around 80 rockfall and rock avalanche events from periglacial areas. Also other mass 
movement types such as debris flows, ice avalanches or slow-moving landslides occur within 
the periglacial zone. Their occurrence can also be influenced by recent changes in glacial and 
periglacial belts (e.g., Zimmermann et al., 1997; Papers III, IV). However, the influencing fac-
tors are probably slightly different, and combined statistical analyses of different slope failure 
processes as applied, for example, by Ruff and Rohn (2008) and Abdallah et al. (2005), have 
therefore to be treated with caution regarding conclusions about bedrock failures only. 
In the inventory of this work, the volumes of the slope failures range from around 100 m3 
to more than 106 m3. Taking this data set as proxy data, the difference in failure mechanism and 
contributing factors has to be kept in mind. Small-volume detachments are often influenced by 
superficial disaggregation of the bedrock due to enhanced weathering such as freeze/thawing 
effects, the occurrence of extreme weather events such as heavy rainfall and snowmelt, or ex-
traordinary warm temperatures as observed in summer 2003. Small-volume detachments often 
occur immediately or soon after a factor being changed, as mostly the shear strength and tensile 
strength of single discontinuities alone have to be exceeded. Large-volume detachments evolve 
over much longer time periods, whereby climatic change and large-scale topographic changes 
play a significant role. For the detachment of a large volume, new persistent discontinuities have 
to be formed and the shear strength has to be exceeded over extensive areas. 
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The number of recorded periglacial slope failure increases after 1980 and especially from 2000-
2007 (Paper II). Further back in time, less information is available, and only the large-volume 
events containing more than 105 m3 or the ones that caused damage or casualties are known and 
reported. It is difficult to assess whether the number of slope instabilities has really increased 
during recent decades due to the influence of atmospheric changes and linked changes in 
periglacial terrain, or if this increased number of recorded periglacial slope failures stems only 
from increased recording activity during recent decades and more observations because of en-
hanced economic and touristic developments in mountainous areas. This uncertainty hinders 
the drawing of detailed conclusions about temporal characteristics of rock avalanche activity 
based on our inventory data. 
However, we assume that the records of large-volume rock avalanche with volumes of 
more than 105 m3 largely complete. From 1900 to 1980, zero to two events occurred with vol-
umes larger than 105 m3 per decade. The subsequent rise in number to six such events between 
2000 and 2007 indicates a recent increase in large-volume events. The extraordinary high num-
ber of events during the summer of 2003 indicates a special situation. It remains unknown 
whether such a cumulation of small-volume events ever occurred in earlier times. However, 
summer heat waves like in 2003 in Europe are predicted to become more frequent in the future 
(e.g. Schär et al., 2004), and therefore such accumulations of slope failures might recur. Consid-
ering the small and temporally limited data set, no final conclusions can be reached on slope 
failure frequency, but the statistics indicate an increase in large-volume events, as also observed 
in northern British Columbia (Geertsema et al, 2006) and an extraordinary cumulation of small-
volume events in an unusually hot summer. 
 
5.2 Benefits of a multi‐scale approach 
This study is based on a multi-scale approach implementing a range of different base data sets 
and slope stability analysis methods. This chapter discusses the different approaches and the 
benefits of the combination of multiple investigation approaches at different scales. 
Figure 5.1 shows the workflow scheme that builds the foundation for this work. The differ-
ences in the scale and level of details between the various approaches applied become obvious 
and the used linkages between the approaches are indicated. The dark grey arrows show the 
down-scaling approach, where information and results from simple statistical analyses over lar-
ger areas can be used for more detailed investigation steps. The light grey arrows show that the 
direction of up-scaling is also applicable and important. Within this study, workflow was per-
formed in both directions. Based on initial regional-scale analyses of the rock avalanche inven-
tory and available knowledge from existing projects, potential sites for the local-scale analyses 
were chosen. Results and insights from the detailed local-scale analyses about environmental 
factors and processes contributing to specific slope failures, in turn, provide the base for subse-
quent detailed statistical factor analyses of detachment zones at the regional-scale. They are 
valuable indicators of which factors should be considered and they enhance process under-
standing at all scales. Marked in orange are the steps recommended for further studies in the di-
rection of susceptibility analysis, hazard assessment and finally the observation of hazardous 
situations (cf. Chapter 5.4) 
General Discussion 
41 
 
 
Figure 5.1. Workflow of a multi-scale approach for the detection and analysis slope instabilities in periglacial 
rock walls. This project includes investigations at the levels 1-3. Marked in light grey are the approaches and 
methods that are recommended as subsequent steps in the direction of hazard assessment. 
5.2.1 Regional‐scale GIS‐based analysis 
The regional-scale statistical factor analysis performed within this study is based on the com-
piled rock avalanche inventory over the entire Swiss Alps (Figure 5.1, level 1; Paper II). Such 
approaches were already performed by Abdallah et al. (2004) in Lebanon, and Ruff and Rohn 
(2008) in the Eastern European Alps, for example. However, the investigation area of around 
12’000 km2 in this project is 5 to 10 times larger than in the two projects mentioned, and only 
slope failures from bedrock are included and no soil slides. Furthermore, this study considers 
the cryospheric factors glacierisation and permafrost, which have rarely been integrated into re-
gional-scale analyses before. 
GIS-based factor analyses can be applied at different scales (Figure 5.1). The applicability 
strongly depends on the availability and quality of the basis data. One problem is the unsuitable 
resolution or inaccuracies of the basis data as already stated by Ruff and Rohn (2008). In our 
study this means, for example, the limited level of detail of the geological map, the constrictive 
resolution of the DHM25, uncertainties of coordinates and timing of rock avalanche events, or 
simply a total lack of information concerning what could lead to biased results. Another chal-
lenge is the implementation of point information. Point data sets that are spatially restricted can 
be implemented within a GIS, but the integration of such data in spatial analyses is delicate. 
Therefore, geotechnical and geomechanical data is difficult to use for a wide area, because these 
parameters cannot be extrapolated on a regional scale (e.g. Aleotti and Chowdhury, 1999), al-
though they were found to be very important for slope stability (Paper V). 
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GIS technology provides a valuable tool, which is more efficient and faster than field observa-
tions for the extraction of the terrain parameters, e.g., from DTMs and optical data, and the in-
vestigation of the relations between mass movement occurrence and these parameters. A major 
advantage is that the spatial comparison of different factors can be performed over large areas 
and many different data sets can be included. Performed over smaller areas, such GIS-based 
spatial and statistical analyses provide also a valuable tool for more detailed assessments of indi-
vidual rock walls, as performed for the Monte Rosa east face (Paper III). 
5.2.2 Local‐scale image and DTM analysis 
The local-scale study of the Monte Rosa east face is based mainly on remote sensing data and 
complemented with observations from in situ field investigations. The different data sets are 
analysed using GIS-based multi-temporal spatial comparisons and with detailed topographic 
and volumetric change analysis. The implementation of multi-temporal orthophotos and 
DTMs, supplemented with terrestrial photographs, allow detailed time-lapse analyses of differ-
ent factors in the face to be performed. 
Topographic data provides the basis for all slope stability analyses. Currently available 
DTMs vary strongly in resolution. Area-wide DTMs derived from topographic maps are avail-
able with 25 m resolution. In Switzerland, LiDAR derived DTMs with resolutions of 1-5 m are 
available area-wide below 2000 m a.s.l. Above this altitude, such LiDAR data is still only avail-
able for few regions. This study made use of recent advances in technology and software for the 
acquisition and production of topographic data by airborne laser scanning and digital photo-
grammetry. Both technologies proved to be highly promising for the generation of detailed to-
pographic data in steep and complex terrain. Time lapse high-resolution point clouds and 
DTMs enable a comparison of sequential data set in order to assess topographic and volumetric 
changes in detail and provide a powerful method for factor extraction and detailed localisation 
and dimensioning of detachment zones in re-analyses of slope failures. Wiss (2009) has shown, 
based on the example of the Monte Rosa east face, that automatic feature extraction from high-
resolution DTMs is possible. A classification of six morphometric classes and the automatic ex-
traction of features such as the steep fronts, crevasses and geological planes was performed on a 
LiDAR DTM with 1-10 m resolution. Similar analyses are also performed by Oppikofer et al. 
(2008) and Jaboyedoff et al. (2004c), for example, for the extraction of geological planes and 
failure mode analyses. Such feature extraction methods could provide useful data for suscepti-
bility analyses in the future. These examples reveal the huge potential of high-resolution topog-
raphic data for detailed slope stability analyses. However, a high spatial resolution (i.e. 1-10 m 
resolution) is definitely required for such tasks. Analyses within this study have shown that such 
feature extraction is strongly limited from the DHM25 with 25 m resolution.  
Process understanding of periglacial slope instabilities cannot only be gained from DTM 
analyses alone; additional observations in the field and the investigation of orthophotos and ter-
restrial images are essential. Imagery analyses (terrestrial, aerial and satellite images) are crucial 
for the classification of surface characteristics by the means of remote sensing. Such analyses 
can be performed at different scales (Figure 5.1), e.g. the factor glacierisation was detected from 
satellite images over the entire Swiss Alps (Paul, 2004) whereas current study extracted the same 
factor on a more detailed level from orthophotos for a single face (Paper III). Multi-temporal 
image analyses revealed to be crucial for the process understanding of topographic and glacia-
tion changes in a periglacial face. Large slope failures show often (but not always) preceding 
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small volume rockfall and slope failures are often strongly spatially correlated with the sequence 
of the changes in topography and surface features. Such indications can only be revealed by re-
peat data sets at high temporal resolution. 
5.2.3 Local‐scale kinematic and physically based modelling 
The combined kinematic and physically-based modelling approach used for the re-analysis of 
the Tschierva rock avalanche at the Piz Morteratsch presents the third investigation scale with 
the highest level of detail. 
The kinematic analysis and the numerical slope stability modelling are based on detailed in-
formation over a relatively small area. Here, point data can be used, but the spatial extrapolation 
at the surface and even more the extrapolation into depth introduces large uncertainties. The 
resolution of in situ data is in the range of decimetres to decametres, the area coverage is about 
102 to 103 m2. Such detailed information is required for numerical slope stability analyses, for 
example finite element modelling approaches. The main requirement for this in situ approach is 
that access to the mountain face is possible. Barla and Barla (2001) approached the problem of 
inaccessibility with the help of an alpine guide attached to an helicopter by means of a 30 m 
long cable, the topographic coordinates of a number of points of the rock mass could be meas-
ured. At our site, access was partially possible, however restricted due to rockfall. This shows 
that the major problem for such detailed modelling tasks is already the acquisition of required 
input data. Nevertheless, our study has shown that field measurements are indispensable for the 
assessment of geomechanical and geotechnical characteristics. 
2-D modelling tasks can be performed for restricted areas, such as one single rock wall, as 
they need detailed base data sets and are elaborative. They have been used for sensitivity analy-
ses of individual factors rather than for the prediction of a slope failure. For more predictive 
tasks, much more information should be available from permanent monitoring systems such as 
data on subsurface structures from boreholes, piezometric measurements and displacement 
measurements (e.g. Stead et al., 2004). However, the distinct element modelling performed 
within this study contributes to improved process understanding. 
Kinematic analyses provide a powerful tool to assess the potential of a slope failure based 
on the structure geological setting (Paper V), as also shown by Oppikofer et al. (2009). How-
ever, kinematic analyses based on manually measured discontinuity sets is restricted to small ar-
eas and often not applicable in steep periglacial terrain due to difficult access. These in situ field 
investigations could be replaced in parts by the extraction of geological structures from high-
resolution DTMs acquired with LiDAR technologies (e.g., Derron et al., 2005; Jaboyedoff et al., 
2007). 
 
5.3 The effect of changes in predisposing factors 
Predisposing factors may vary over time and the changing rate of the individual predisposing 
factors varies strongly. This study has shown that not only specific factors but primarily changes 
in one or more factors provoke slope instabilities. In the following, the temporal constraints of 
changes in predisposing factors as well as the influence on the stress field is discussed. 
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5.3.1 Topographic changes 
Topography exerts a dominant control on the stress field in a flank and hence strongly influ-
ences the slope stability. Most topographic changes occur slowly over thousands of years. How-
ever, topographic changes can be strongly accelerated by glacier retreat, and slope failures also 
contribute to rapid topographic changes, possibly provoking further slope instabilities (Paper 
IV). Currently, the glacier retreat and downwasting is a main contribution to topographic 
changes. An oversteepening of a flank by fast erosion or mass loss as well as the removal of 
supporting ice contributes to increased shear stress in a flank. Failures induced by such topog-
raphic changes can occur on time scales of 100 to 104 years, depending on the glaciation history, 
topography, and geology (Cruden and Hu, 1993; Papers III, IV, V). The reaction of a flank to 
fast topographic changes is strongly dependent on the geological setting of the flank. Slow pro-
gressive failure of the bedrock induced by glacier retreat can lead to a delayed slope failure such 
as observed at the Tschierva rock avalanche (Paper V) or the Randa rock avalanche (Eberhardt 
et al., 2004), near-immediate (i.e. within few years) rock avalanche events were observed for ex-
ample at the Monte Rosa east face (Papers II, III, IV). Given Cruden and Hu’s (1993) proposed 
exhaustion model of temporal distribution of rock slope failures which suggests that the num-
ber of failures exponentially decreases following deglaciation, current rapid glacier downwasting 
probably promotes many rock slope failures at rather short time scales in the order of decades. 
5.3.2 Geological changes 
The geological setting varies marginally over long time periods. The lithology can be considered 
to be invariant over time periods of thousands of years. However, the geomechanical and geo-
technical characteristics of rock mass may change over time by weathering processes and stress 
induced alteration (e.g. Augustinus, 1995a). The numerical slope stability modelling of the 
Tschierva rock avalanche showed that discontinuities can progressively develop over hundreds 
of years (Paper V). The geological setting contributes, depending on geotechnical characteristics 
of corresponding lithology, to low strength. Weathering processes, which are intense in perigla-
cial areas due to enormous high temperature gradients, as well as progressive failure processes, 
contribute to reduced material strength. The two factors that might rapidly change the geotech-
nical and geomechanical properties of bedrock are changes in groundwater and ice-filled frac-
tures. 
5.3.3 Thermal and hydraulic changes 
Laboratory experiments, theoretical considerations, observations and investigations of past 
periglacial rock slope failures indicate that permafrost degradation is an important transient sta-
bility factor for steep mountain rock walls, and zones in warm permafrost are especially sensi-
tive (e.g., Davies et al., 2001; Gruber and Haeberli, 2007). A warming of an ice-filled fracture 
changes the geotechnical characteristic of this fracture. Laboratory experiments have shown 
that the shear strength of ice-bonded fractures decreases with warming temperature and is low-
est at temperatures between -1.5 and 0°C (Davies et al., 2001). Thus, warming permafrost could 
introduce changes in geotechnical properties of ice-filled clefts and thereby reduce material 
strength. In addition, a warming and thawing of ice within bedrock increases the amount of liq-
uid water content. Depending on the pattern of geological structures and the occurrence of still 
frozen, impermeable fractures, this liquid water cannot emerge. Higher water pressures within a 
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flank causes decreased shear strength as the effective normal stress is diminished by the water 
pressure. The regional-scale statistical analysis (Paper II) has shown a cumulation of detachment 
zones at the lower boundary of permafrost occurrence, where warm permafrost is assumed. 
The ongoing atmospheric warming will increase the area subject to warm permafrost tempera-
tures. The progressive thermal changes into larger depths in the permafrost zones in particular 
can influence the size of the future slope failures and lead to increased rock avalanche volumes. 
However, 3-dimensional patterns of permafrost in the high-mountain rock walls and their 
changes are still being researched (e.g. Noetzli and Gruber, 2009), and the influence of advec-
tion by running water that can rapidly lead to the development of deep thaw corridors along 
fracture zones in permafrost is still poorly understood. 
The exposure of the formerly glacier covered bedrock to atmospheric temperature can in-
fluence both the thermal and the hydraulic regime (e.g. Wegmann et al., 1998). Such changes 
were found to be of primary importance in areas where hanging glaciers and steep ice disap-
peared. The water pressure within a rock wall can vary quite rapidly, depending on water supply 
and permeability characteristics. Especially during a so-called ‘lock-off situation’, when the bed-
rock is frozen at the surface and therefore water outflow is blocked, very high water pressures 
might evolve and contribute to low shear strength. Such situations occur predominately in the 
autumn season and could have played a significant role in the Tschierva rock avalanche. 
 
5.4 Implications for susceptibility analyses and hazard assessment 
Hazard and risk assessment regarding mass movements from periglacial rock slopes is a com-
plex topic and cannot be performed over large areas at a sufficient level of detail. Therefore, the 
hazard assessment of periglacial slope instabilities requires a systematic and integrative approach 
that implements different scales and level of details. In this study, the GIS-based approach was 
used for statistical factor analysis of the individual detachment zone. However, GIS-based ap-
proaches are also a valuable tool for area-wide factor analyses and can be used for a first-order 
assessment of slope instability susceptibility. 
The calculation of risk requires information on the frequency and magnitude of slope fail-
ure events, which can be highly speculative at large study areas. Furthermore, such relationships 
are particularly difficult to estimate for periglacial rock avalanche events as the event documen-
tation is non-uniform and incomplete. Van Westen et al. (2005) propose for medium to large 
investigation areas to concentrate on susceptibility zones rather than on risk assumptions, as de-
tailed hazard assessments cannot be performed over large areas. Therefore, a first separation of 
more susceptible areas has to be performed using a tool that can be applied over a large area, 
while implementing spatially available data. Simple GIS-based spatial factor analyses can be 
used for such first-order susceptibility analyses and contribute to the detection of hot spots, 
where critical factor combinations occur. However, such first-order susceptibility assessments 
are far from being the equivalent of hazard assessment, as they can only help to identify areas 
where more detailed investigations should be performed. 
Based on the findings of the GIS-based statistical analysis and the results from the comple-
mentary local-scale approaches within this study, relevant and susceptible factor combinations 
for slope instabilities in periglacial rock walls can be found. For the identification and investiga-
tion of hazardous rock walls, a multi-scale approach is recommended as shown in Figure 5.1. 
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For prospective hazard assessment tasks we recommend a downscaling approach from area-
wide first-order assessments for systematically detecting hazard potentials (i.e. GIS-based factor 
analysis), to second-order assessments based on high-resolution remote sensing techniques 
(LiDAR, orthophotos), to detailed ground-based or airborne local investigations in high-risk ar-
eas (i.e., the domain of surveying, geophysical investigations, and permanent installations such 
as permanently installed cameras or displacement measurements). Furthermore, in order to ob-
tain detailed knowledge about the influencing processes at a specific site, permanent in situ 
measurements of displacements, water pressure, subsurface temperatures, etc., could be per-
formed. Such permanent installations are still very rare on high-alpine faces and present a large 
field of future research (e.g. Hasler et al., 2008). This study has shown that time-lapse image 
analyses provide a suitable tool for the analysis of changes in a rock wall. Large slope failures in 
particular are often preceded by rockfall activity or other indicators, such as the development 
and widening of tension cracks, bulging of the flank at the slope foot, or changed water occur-
rence. Such indications of slope instabilities can be detected based on multi-temporal optical 
data or even better by a permanently installed automatic camera.  
Based on the findings of this study, such a first-order assessment of a spatial analysis of 
critical factor combinations should include the following combination: slope gradients greater 
than 40°, elevation close to the estimated lower permafrost boundary and recent deglaciation in 
the vicinity. For the areas defined on the basis of such a factor combination, a more detailed 
approach could be performed following the workflow scheme in Figure 5.1. Such first-order 
susceptibility analyses could also be coupled with GIS-based modelling tools of other high-
mountain hazards such as ice avalanche, glacial lake outburst, and debris flow models, to ad-
dress the possible process chain reactions that might lead to far-reaching disasters (e.g. Huggel 
et al., 2004). 
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6 Conclusions and Perspectives 
 
The overall aim of this thesis was the investigation of the characteristics of periglacial slope in-
stabilities in order to better understand the occurrence of slope failures from steep rock walls in 
general, and to assess the influence of different predisposing factors in particular. 
 
6.1 Main contributions 
The development and distribution of slope instabilities in periglacial faces are governed by a 
range of different factors that extend from local to regional scale, and which influence processes 
in the subsurface, at the surface, and in the atmosphere. In this study we developed a multi-
scale approach to investigate these predisposing factors and their importance for slope stability. 
The main contribution of this thesis is the implementation and combination of various ap-
proaches at different levels of detail within one project. This allowed a comparison of diverse 
methods and iterative factor analysis to be performed at different scales. 
A number of GIS-based factor studies exist for the analysis of slope failure detachment 
zones and susceptibility analyses. This study is one of the first GIS-based statistical factor analy-
ses of recent rock avalanches performed in high-mountain terrain that includes the cryospheric 
factors glacierisation and permafrost (Paper II). 
Within this study, one of the most detailed and precise topographic data sets was developed 
for a high-mountain face over a long time period. This unique time-lapse data set is based on 
the combination of LiDAR and digital photogrammetry and demonstrates the novel technical 
possibilities as they have never been applied before in such difficult terrain (Paper IV). This 
high-resolution topographic analysis of the Monte Rosa east face is complemented with optical 
remote sensing data such as orthophotos and terrestrial photographs (Paper III) and presents 
one of the most detailed observation series of a high-mountain flank worldwide. 
Only a few studies have used kinematic analysis and physically-based slope stability model-
ling for the re-analysis of rock slope failures on periglacial terrain (e.g. Barla and Barla, 2001). 
This study shows that an appropriate method combination including classic geological field in-
vestigation techniques, terrestrial and aerial image analyses and permafrost modelling allows de-
tailed numerical slope stability modelling to be performed, possible failure mechanisms to be 
evaluated and process understanding to be improved, even with restricted base data (Paper V). 
Based on the factor analyses at three levels of detail, we were able to evaluate and define the 
main environmental factors contributing to slope instabilities in periglacial rock walls. 
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6.2 Major results 
The results are described in detail in Chapter 4 and in Publications I-V. The most important 
findings and conclusions of this thesis are summarised in this section and organised according 
to the research questions stated in the first chapter. 
 
1. What are the primary factors that contribute to slope instabilities? 
• The influencing factors depend on the volume of a slope instability. Large slope failures 
evolve over longer time periods and are therefore primarily affected by long-term 
changes, whereas small detachments often react to sporadic extreme events such as the 
extraordinary warm summer of 2003. 
• No specific single primary factor was found based on our analyses, but a number of fac-
tor combinations that contribute significantly to slope stability emerged. However, the 
two factors slope angle and a pronounced discontinuity system are included in such fac-
tor combinations at all failure magnitudes. 
• The change in a factor and the time scale of change are more important than the indi-
vidual factors. Fast changes in a factor do not allow adequate stress redistribution within 
a flank and therefore, the critical shear strength may be exceeded. Glaciers, mainly 
changing the topography, and permafrost, mainly changing the groundwater regime and 
geotechnical characteristics of discontinuities, are currently the factors with the fastest 
changes. 
• Slope gradient has a dominant influence on slope stability. The analyses have shown 
that gradients above 40° are prone to slope failures with a culmination of susceptibility 
between 45 and 60°. 
• The lithological setting influences the magnitude rather than the frequency of slope fail-
ures. However, lithological transition zones and the presence of a fault zone enhance 
the probability of a slope failure. 
• Groundwater is found to be a very important factor – both for causing of instabilities 
due to cyclic loading and possible freeze/thaw processes and for the eventual triggering. 
However, hydrologic data is very difficult to acquire and even more difficult to extrapo-
late spatially and at depth. 
2. What are the appropriate techniques for data acquisition and measurement?  
• This study makes clear that data acquisition in steep periglacial terrain is difficult and 
complex. A combination of remote sensing and in situ approaches was found to be 
most appropriate. 
• Appropriate techniques for data acquisition and measurement depend strongly on the 
investigation scale. In situ approaches are based primarily on punctual measurements 
with a high level of detail, whereas remote-sensing-based approaches allow comprehen-
sive data acquisition over larger areas. 
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• Remote sensing based approaches, including topographic as well as optical data, are 
very useful for dealing with the problem of difficult access and for providing spatial 
data. Strong improvements in high-resolution topographic data acquisition were 
achieved by the combination of digital photogrammetry and airborne LiDAR. In addi-
tion, time lapse DTMs provide a powerful basis for the assessment of topographic 
changes. 
• Imagery analyses are important at all scales for the visual or automatic detection of sur-
face characteristics. Repeat data sets are enormously important as they enable the analy-
ses of temporal as well as spatial changes. Terrestrial photographs are useful for qualita-
tive change analysis of surface characteristics, as they are, for the most part, available at 
higher frequency than any other base data. 
• In situ field investigations are still very important for geotechnical and geomechanical 
investigations, as no detailed information about rock mass and discontinuity characteris-
tics can be obtained from remote sensing data. 
3. What are feasible approaches for the assessment of slope instabilities?  
• The feasibility of an approach always depends on the available base data. 
• All applied approaches are feasible. GIS-based factor analyses allow investigations to be 
conducted over large areas, but only factors with spatial information can be included. 
Numerical slope stability modelling, on the other hand, also includes point information 
and contributes to improved process understanding for a specific slope failure. 
• Analyses of time-lapse high-resolution DTMs allow detailed topographic analyses to be 
made, and proved to be essential for slope stability analyses.  
• Kinematic analyses are a powerful tool for the assessment of the failure potential, as the 
structural geology is one of the most important factors for slope instabilities. 
• Numerical slope stability modelling is useful for re-analyses of a slope failure and sensi-
tivity analyses of factors to improve process understanding. However, its use is often 
limited in high-mountain terrain because of a lack of information. 
4. What is the scale-dependence of the different factors and analysis methods?  
• The factors groundwater and structural geology could be investigated only on a local 
scale, and spatial extrapolation is difficult if not impossible. 
• It is possible to investigate the factors geology, topography and glaciology on a large 
scale, however, their settings on a small scale, such as geological transition zones, are 
also important for slope stability analyses. 
• The smaller the volume of a slope failure, the more limited the influencing area and fac-
tors, and hence, the higher the resolution of the base data sets should be. 
Chapter 6 
50 
• Numerical slope stability modelling is restricted to small areas, no area-wide investiga-
tions can be performed. 
• GIS-based statistical analyses can be performed on a local and a regional scale, depend-
ing on the basis data. However, these analyses enable factor analyses to be made, at ex-
clusion of process modelling. 
• Kinematic stability analysis can partially bridge the gap between detailed small area 
process analyses and simple area-wide factor analysis. 
In conclusion, this study has shown that advanced and combined technology applied at differ-
ent scales can effectively contribute to improved assessments of slope instabilities, which is par-
ticularly important in view of ongoing glacial and periglacial changes. This is one of the first 
studies that includes the factors permafrost and glacier in GIS-based statistical analysis as well as 
finite element stability modelling. A better understanding of predisposing factors has been 
gained at different levels of detail and these findings provide a fundamental basis for prospec-
tive slope instability susceptibility analyses on a regional scale. 
 
6.3 Perspectives – Further requirements and challenges 
This thesis is a first step into a multi-disciplinary field with important and promising perspec-
tives. The multi-disciplinary synergies gain benefits for the high-mountain cryosphere, the engi-
neering geology and the remote sensing community, as well as a basis for informed and antici-
pative decisions on current and future high-mountain slope stability problems. Based on the re-
sults mentioned above, it can be concluded that future progress in periglacial rock slope stability 
research must focus on iterative multi-scale approaches including improved data acquisition and 
process-oriented modelling tasks, but also on the development of simple first-order assessment 
tools for area-wide susceptibility analyses. 
Future research on slope instabilities in periglacial rock walls should focus on the following 
tasks: 
• The recording of periglacial rockfall and rock avalanche events should be continued and 
standardised, to establish a more complete inventory and to enlarge the time series. 
• GIS-based spatial factor analyses should be pursued in order to provide a simple first-
order tool for the assessment of zones susceptible to slope instabilities. With such a 
tool, ‘hot-spot’ areas with increased susceptibility can be identified, where subsequent 
analyses can be performed at a more detailed level, as suggested in the workflow 
scheme in Figure 5.1. 
• Our investigations have shown that it is very important to examine not only the current 
state of a flank but also to assess the changes in all contributing factors over time, both 
long-term and short-term changes. Therefore, comprehensive acquisition of time-lapse 
aerial images and LiDAR data assist enhanced analyses. 
• It is important to conduct more extensive laboratory experiments (such as Davies et al., 
2001) and field installations (such as Hasler et al., 2008) to improve process understand-
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ing of permafrost in bedrock and the influence of changes in ice temperature and water 
content on the geotechnical behaviour of ice-filled fractures. 
• A promising method bridging the gap between detailed local-scale approaches and re-
gional-scale approaches is the automatic extraction of structure geological planes from 
high-resolution DTMs and subsequent kinematic analyses. Such analyses would allow 
better failure susceptibility analyses to be made over large areas and should be further 
improved. 
• The collaboration and exchange between the different scientific fields, such as engineer-
ing geology, glaciology, remote sensing and GIS research, should be improved and ex-
panded. Constructive communication and coorperation within the scientific disciplines 
involved is fundamental to deriving maximum benefit from the multi-disciplinary pro-
jects.  
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Abstract 
Slope stability of steep rock walls in glacierised and permafrost-affected high-mountain regions is influenced by a number of 
different factors and processes. For an integral assessment of slope stability, a better understanding of the predisposing factors 
is particularly important, especially in view of rapid climate-related changes. This study introduces a methodical design that 
includes suitable methods and techniques for investigations of different predisposing factors in high-mountain rock walls. Cur-
rent state-of-the-art techniques are reviewed and their potential application for in-situ and remote studies assessed. A compre-
hensive array of analyses and modeling tools is presented, including data acquisition methods and subsequent stability analys-
es. Based on two case studies of recent slope instabilities in the European Alps the effective application and coupling of mea-
surements, analyses and modeling methods is shown.  
 
Keywords: climatic change; high-mountain rock walls; investigation techniques; predisposing factors; slope stability. 
 
 
Introduction 
Hazards related to rock fall, rock avalanches and com-
bined rock/ice avalanches from steep glacierised and perma-
frost-affected rock walls pose a significant threat to people 
and infrastructure in high mountain regions. Due to ongoing 
climatic change, a widespread reduction in stability of for-
merly glacierised and perennially frozen slopes might occur 
and result in a shift of hazard zones (Haeberli et al.1997, 
Harris et al. 2001, Fischer et al. 2006). A major problem is 
the possible increase in magnitude and frequency of slope 
failures. 
Slope stability of steep rock walls in glacierised and per-
mafrost-affected high-mountain regions is influenced by a 
number of different factors such as topography, geological 
and geomechanical characteristics, hydrology as well as 
glaciation, permafrost distribution and thermal condition. 
Gradual or abrupt changes in one or more of these factors 
may reduce the slope stability and eventually lead to a rock 
fall event. Among these factors, permafrost and glaciers are 
particularly prone to rapid changes in relation to ongoing 
climate change. Although these two factors are, together 
with the hydrological regime, assigned a likely important 
role in current and future slope destabilization the effects 
are not clearly understood. A better understanding of the 
factors and mechanisms determining the slope stability of 
steep rock walls is thus a key factor and needs basic re-
search.  
The complexity of slope stability problems requires a num-
ber of different investigation and modeling techniques to 
consider the relevant physical processes and factors. How-
ever, high-mountain rock walls are an extremely challeng-
ing environment for currently existing technology and re-
lated investigations for a number of reasons. Often, the ha-
zard source areas are situated in remote high-mountain re-
gions and the on-site access to steep rock walls is mostly 
very difficult or prohibitively dangerous due to existing 
slope instabilities. Furthermore, the steepness complicates 
applications of airborne investigation techniques. 
 
This article provides a review of current local-scale inves-
tigation techniques and introduces a multidisciplinary me-
thodical design for comprehensive stability-directed investi-
gations of predisposing factors in steep high-mountain rock 
walls which adequately considers the particular difficulties 
of steep and partly inaccessible ground conditions, based on 
a combination of on-site and remote methods.  The design 
presented here does not claim to provide a complete ap-
proach, it rather bases itself on investigation techniques and 
analyses that were applied and tested within past and ongo-
ing projects. Also, the rapidly advancing technology may 
require extension and adaptation of the design in the future. 
 
Factors influencing slope stability 
Predisposing and triggering factors can be distinguished 
with respect to slope stability of rock walls. In the follow-
ing, a short definition of the two different types of factors is 
given. Proposed methodical design for slope stability as-
sessment is mainly focused on the investigation of predis-
posing factors; analyses of triggering factors usually require 
permanent monitoring methods. 
Predisposing factors are physically measurable processes 
and parameters that permanently affect stress and strain 
fields in a flank, also in the stable state. They can be broadly 
categorized in topographical, geomorphological, geological, 
hydrological and several other physically-based factors. In 
high-mountain areas, permafrost and glaciers are two addi-
tional important factors (Fig. 1). 
Triggering factors can vary in time, space and magnitude 
and eventually provoke slope failure. They include, for ex-
ample, earthquakes, rainfall and snow melt events that can 
result in increased water pressure and rather seldom in high-
mountain areas, human interactions. 
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Figure 1: Predisposing factors influence the slope stability and 
have complex interactions among themselves which are 
represented by arrows. 
 
Predisposing factors have complex interactions among 
themselves that influence slope stability (Fig. 1). Topogra-
phy is a fundamental parameter for slope stability. Slope 
angle and morphology are important factors for the occur-
rence and spatial distribution of slope instabilities due to 
their strong influence on stress and strain fields within a 
flank. Topography is closely connected to the geological 
setting and the geomorphological history of a rock wall 
(erosion, glacial overburden), which, in turn, also effective-
ly influence the geomechanical setting. 
The geological setting is determined by the lithology and 
the geotechnical properties of the rock mass. The geological 
structures, i.e. discontinuities such as joints, bedding planes, 
schistosity and fault zones are fundamental for slope stabili-
ty, especially their geometrical and geotechnical characteris-
tics. The shear strength as a major parameter for stability is 
directly related to the geotechnical properties such as cohe-
sion, friction angle, aperture, infilling and weathering.  
Permafrost occurrence in a rock wall can strongly influ-
ence the geotechnical parameters of discontinuities, depend-
ing on ice content and temperature. The shear strength of 
ice-bonded discontinuities is strongly affected by the ther-
mal regime in the sub-surface and may be reduced by a rise 
in temperature or finally the melting of ice-filled rock joints 
(Davies et al. 2001, Gruber & Haeberli 2007, Harris et al. 
2001). This, in turn, also influences the hydrological re-
gime, and may, for instance, result in an increase of the wa-
ter pressure. The hydraulic setting in a steep rock wall is 
closely connected to the topography, geological setting, 
geomechanical characteristics, glaciation and permafrost 
occurrence. Changes in water table and water pressure, may 
significantly change the shear strength of the rock mass and 
therefore exert a strong influence on the slope stability. 
 Glacier ice may influence slopes differently. Hanging 
glaciers may have an impact on the thermal, hydraulic and 
hydrologic regime in adjacent areas (Haeberli et al. 1997). 
The erosion by and retreat and down-waste of valley glaci-
ers, in turn, may induce long-term changes change in the 
stress field inside the rock wall (Wegmann et al. 1998, 
Eberhardt et al. 2004).  
Among the factors outlined in Figure 1, glaciation and 
permafrost are presently those subject to the most direct and 
rapid changes due to climatic change. Changes in these pa-
rameters can significantly influence other factors such as 
hydrology, geomechanical and geotechnical properties in 
particular. The response of steep high-mountain rock walls 
to changes in these predisposing factors is, at the same time, 
strongly conditioned by the topography and the geological 
setting, in particular by the geometrical and geotechnical 
characteristics of discontinuities (Ballantyne 2002). 
 
Investigation techniques and methodology 
Data acquisition 
In this section, current state-of-the-art techniques for the 
investigation of the predisposing factors are illustrated while 
in the following section subsequent analyses and processing 
methods are described (Fig. 2). 
In-situ field investigations are useful to obtain detailed 
data. Traditional geological in-situ field studies are neces-
sary to achieve data on geological and geomechanical cha-
racteristics of the rock mass. The lithological and geomor-
phological setting as well as geological structures can be 
mapped and a preliminary assessment of the intact rock 
mass properties can be achieved, for example using the 
Schmidt hammer method (Aydin & Basu 2005). The geo-
mechanical and geotechnical properties of discontinuities 
can be assessed by measuring parameters such as orienta-
tion, frequency, spacing, aperture and surface characteristics 
based on the application of rock mass classification systems 
(Hack 2002, Hoek & Brown 1997, Wyllie & Mah 2004). In 
case of inaccessible ground conditions, these types of inves-
tigations can also be conducted in the surrounding area with 
similar lithological and geomechanical settings. Limited 
observations of the hydrological regime can also be done in-
situ and from photographs, for instance observations of wa-
ter inflow or outflow in a mountain flank.  
Point measurements of near-surface rock temperatures us-
ing temperature loggers installed a few cm to dm below the 
surface can constrain permafrost distribution and the pre-
vailing thermal regime (Gruber et al. 2003). Nearby bore-
holes equipped with temperature loggers give an indication 
of temperature distribution at depth. 
Geophysical techniques are powerful methods for the in-
vestigation of subsurface characteristics, but in steep rock 
walls difficult and complex in their application and there-
fore rarely exploited until now. Georadar, electrical resistiv-
ity tomography and refraction seismic can be applied for the 
determination of subsurface structures and the distinction 
between frozen and thawing rock sections (Hauck et al. 
2004, Heincke 2005, Krautblatter & Hauck 2007).  
Remote sensing based techniques are crucial due to the 
inaccessibility of wide areas of high-mountain walls.
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Figure 2: Methodical design for the assessment of slope stability in high-mountain areas containing different insitu and remote sensing 
based methods. The upper part shows techniques for the data collection, the lower part processing and analyses of acquired data. 
 
Terrestrial and aerial imagery can be used for identifying 
geological structures and surface changes with respect to ice 
cover and topography. Aerial photography can also be used 
for the generation of digital elevation models (DEMs), the 
measurement of terrain displacements and for detailed in-
terpretations (Baltsavias et al. 2001). In some specific stu-
dies, terrestrial photography was used for identifying 
changes with respect to ice cover and slope instabilities on 
steep ice faces (Fischer et al. 2006, Kääb et al. 2005). These 
studies have shown the considerable potential of such image 
analyses which should be further exploited. Automatic cam-
eras are a commonly applied tool for monitoring acute slope 
instabilities. 
Airborne and terrestrial laser scanning (LiDAR) is a ra-
pidly emerging and highly promising tool for acquiring very 
high-resolution DEMs for high-mountain areas, and thus for 
detecting small-scale topographic structures (Baltsavias et 
al. 2001, Janeras et al. 2004). Laser scanning applications 
from helicopter allow perpendicular recording of LiDAR 
data and simultaneous acquisition of digital photographs 
with little geometric distortion (Skaloud et al. 2005). Re-
peated measurements are the basis to derive topographic 
changes. Ground-based synthetic aperture radar (SAR) 
technology is a capable tool for slope deformation studies 
(Atzeni et al. 2001, Singhroy and Molch 2004). 
 
Analyses and modeling  
Lithological and geomorphological data can be displayed 
on a map in a GIS for further applications or comparison 
with other parameters. The geomechanical and geotechnical 
data measured during field work typically have to be 
processed to get required parameters for the stability model-
ing, by using empirical criterions and rock mass classifica-
tion systems (Hack 2002, Hoek & Brown 1997) or with 
adequate laboratory tests. Geomechanical data such as the 
orientation of discontinuities can be displayed in steregraph-
ic projections and may be applied subsequently for kinemat-
ic analyses, limit equilibrium analyses and numerical mod-
eling (Stead et al. 2006). 
For the modeling of permafrost distribution a number of 
models with varying levels of sophistication and at different 
spatio-temporal scales have been developed (Hoelzle et al. 
2001, Gruber et al. 2003). The three-dimensional tempera-
ture distribution and its evolution with climatic change is an 
important component for rock slope stability considerations, 
and has been assessed using numerical modeling by coupl-
ing a surface energy balance model with a subsurface heat 
conduction scheme (Noetzli et al. 2007). A modeling 
scheme that would directly include modeled permafrost 
distribution within slope stability models has yet to be de-
veloped but it can be considered for the model assumptions.  
Geophysical investigations can mainly be used as boun-
dary conditions and reference values either for permafrost 
modeling or for analyses of the subsurface structures.  
The most common application of remotely sensed image 
data consists in the interpretation and classification of the 
image content. Terrestrial and aerial imagery can be used 
for the identification and mapping of different surface fea-
tures in steep rock walls and also their temporal changes. 
Digital aerial as well as terrestrial photos have considerable 
potential for quantitative analyses of geomorphic structures 
and changes in a rock wall by georeferencing or matching 
images based on a high-resolution DEM or photogramme-
tric techniques (Roncella et al. 2005).  
DEMs represent the core of any morphometric investiga-
tion of predisposing factors. They can be obtained from 
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stereo aerial and high-resolution terrestrial photos but also 
from LiDAR data (Kääb et al. 2005). From these DEMs, 
topographic parameters, large-scale morphotectonic features 
and geological structures can be extracted. A promising, yet 
not fully exploited method is the coupling of laser scanning 
data with photogrammetric analyses and terrestrial imagery 
analyses, to extract important topographic and structural-
geological parameters from DEMs. Main discontinuity sets 
can be distinguished and their geometrical pattern deter-
mined. Therefore, a preliminary assessment of potentially 
unstable areas may be performed based on geomechanical 
parameters with limit equilibrium and kinematic analyses 
using the data from in-situ measurements or even only 
based on DEM analyses (Derron et al. 2005, Stead et al. 
2001). Further structural and stability analysis with a DEM 
is made possible by the recent development of geologically 
oriented GIS tools (Günther 2003, Jaboyedoff et al. 2004).  
For more complex slope stability assessments numerical 
methods are required. Numerical techniques used for rock 
slope analyses are generally divided into continuum and 
discontinuum approaches, or when combined, hybrid ap-
proaches (Barla & Barla 2001, Eberhardt et al. 2004, Stead 
et al. 2001, Stead et al. 2006). Numerical modeling is in fact 
a powerful tool for the assessment of failure mechanisms, 
but the level of topographic and geotechnical detail needed 
can limit the application.  
 
Case studies 
Tschierva rock avalanche event 
The Tschierva rock avalanche occurred on October 19, 
1988 from the western flank of Piz Morteratsch (3751 m asl, 
in the Engadin, Switzerland) on Tschierva glacier with an 
estimated volume of approximately 0.3x106 m3(Fig. 3).  
For the reanalyses of the Tschierva rock avalanche, de-
tailed numerical slope stability modeling was proposed. 
Therefore, in-situ field work and subsequent geotechnical 
and morphometric analyses have been done to obtain re-
quired accurate data (Fischer et al. 2007). The steps de-
scribed here generally follow the scheme from Figure 2. 
 
The in-situ field observations included: 
• Preliminary analyses of rock mass properties (lithology, 
discontinuities, fault zones, water occurrence) 
• Characterization of discontinuities (discontinuity sets, 
orientation, density, condition, aperture, filling) 
• Surveying of detachment zone and adjacent area with 
manual rangefinder 
 
Subsequent complementary analyses included: 
• Geotechnical and geomechanical analyses by using 
field data, stereographic plots and empirical criterions 
• Photogrammetric analyses of aerial images for the 
evaluation  of topographic changes 
• Analyses of aerial and terrestrial photos for detecting 
geological structures and water occurrence 
• Modeling of the permafrost distribution 
• Reconstruction of glacier extents based on satellite im-
ages and historical topographic maps 
 
 
Figure 3: The western flank of the Piz Morteratsch with the 
Tschierva glacier in the foreground. In the middle of the photo 
visible is the detachment zone of the 1988 rock fall and the depo-
sits on the glacier (photo by A. Amstutz, 1988). 
 
Numerical slope stability modeling was then performed 
with the 2-D distinct-element method model UDEC (by 
Itasca) to examine the possible failure mechanisms. Model-
ing of the unloading of the pleistocene glacial overburden 
showed that subsequent redistribution of stress and strain 
fields in the flank had a strongly controlling influence on 
the geometry of the detachment zone. A sensitivity analysis 
of geotechnical parameters showed that the cohesion of the 
discontinuities was a fundamental parameter. The stability 
modeling for dry conditions also revealed that the failure 
mechanism was a combination of shear failure along preex-
isting discontinuities and development of brittle fractures 
propagation through the intact rock mass.  
Coupled hydro-mechanical modeling demonstrated that 
slope stability was very sensitive to changes in water pres-
sure. The existing fault zone crossing the rock slope induced 
an elevated water inflow due to the higher permeability and 
might therefore be, together with the long-lasting effects of 
ice unloading, a main factor for the slope instability.  
 
Instabilities in the Monte Rosa east face 
The Monte Rosa east face, Italian Alps, is one of the 
highest flanks in the Alps (2200–4600m asl). Steep hanging 
glaciers and permafrost cover large parts of the wall (Fig. 
4). Since the end of the Little Ice Age (~1850), hanging 
glaciers and firn fields have retreated continuously. During 
recent decades, the glaciers of the Monte Rosa east face 
experienced an accelerated and drastic loss. Some glaciers 
have completely disappeared. New slope instabilities and 
detachment zones developed and resulted in enhanced rock 
fall and debris flow activity (Kääb et al. 2004, Fischer et al. 
2006). In August 2005, an ice avalanche with a volume of 
more than 1x106 m3 occurred and in April 2007, a rock ava-
lanche of about 0.3x106 m3 detached from the upper part of 
the flank. 
FISCHER & HUGGEL  443 
 
 
 
 
Figure 4: The Monte Rosa east face with the Belvedere glacier 
in the foreground (photo by L. Fischer, 2004). The detachment 
zone of the ice avalanche (2005) is marked with a black circle, the 
one of the rock avalanche (2007) in white.  
 
Main focus of the investigations in the Monte Rosa east 
face was the assessment of the influence of glacier retreat 
and permafrost degradation on the current and possible fu-
ture rock fall and ice avalanche activity (Fischer et al. 
2006).  
During field studies, the following data were compiled: 
• Detailed geological and geomorphological mapping 
• Current glacier extents  
• Detailed map of the current detachment zones of mass 
movement activities 
Due to difficult and dangerous in-situ access, this infor-
mation was collected from distant ground-based and air-
borne observations. 
Further analyses included: 
• Modeling of the permafrost distribution 
• Reconstruction of glacier extents since the early 20th 
century based on orthophotos and terrestrial photos 
 
The results were compiled in a GIS and the overlay of 
each investigated factor revealed spatial as well as temporal 
linkages between investigated processes and their influence 
on the formation of new detachment zones. 
The most important findings were that most detachment 
zones in the Monte Rosa east face are located in areas where 
surface ice has recently disappeared. In addition, many de-
tachment zones are located at the altitude of the lower 
boundary of the estimated permafrost distribution, where 
presumably warm and degrading permafrost exists. A strik-
ing result is also that many detachment zones are situated in 
transition zones between orthogneiss and paragneiss. These 
findings demonstrate that the formation of detachment 
zones mostly seems to be caused by a combination of dif-
ferent factors. 
 
Conclusion and perspectives 
The investigation of slope stability in steep high-alpine 
rock wall is a major challenge, chiefly due to the difficulties 
in data acquisition and the complexity of the factors and 
processes influencing slope stability. In each case, the pro-
ceeding has to be adapted and different methodologies have 
to be applied concerning the possibilities of data acquisition 
and the required stability modeling method.  
The case study of the Tschierva rock fall shows that the 
appropriate method combination including classic geologi-
cal field investigation techniques, terrestrial and aerial im-
age analyses and permafrost modeling allows to perform 
detailed numerical slope stability modeling and to evaluate 
possible failure mechanisms. 
The much larger Monte Rosa east face with surface and 
subsurface ice subject to extremely fast changes, represents 
most challenging high-mountain conditions and required a 
more remote based approach. However, local field surveys 
could be integrated for a comprehensive spatial and tempor-
al analysis of predisposing factors and their interaction. 
In the future, measurement, analytical as well as modeling 
tools will be further advanced. For instance, ground-based 
SAR and helicopter-based LiDAR have only very recently 
been applied on large high-mountain walls and should be 
further developed. Advances are also expected with regard 
to a more comprehensive integration of high-technology 
data into slope stability assessment methods. 
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1 Introduction 
Slope failures from steep rock walls have always taken place in mountain areas throughout history. 
This is a consequence of the steep topography of these areas and the high relief energy, but also of 
geological and structure-geological characteristics, climatic factors such as intense freeze-thaw 
activity and oversteepened slopes from glacier erosion (e.g. Cruden and Hu, 1993; Ballantyne 
2002; Evans et al., 2002; Hall et al., 2002). However, during the past decades, an increased number 
of periglacial rock fall and rock avalanche events were observed in the European Alps and other 
high mountain ranges, and are thought to be related to some extent to changing conditions due to 
global warming, e.g., permafrost degradation or glacier shrinkage (e.g. Evans and Clague, 1994; 
Dramis et al., 1995; Barla et al., 2000; Fischer et al., 2006; Geertsema et al., 2006). Some events 
document the potential serious hazard related to slope instabilities in alpine flanks, such as the 
Brenva rock avalanche (Italy) in 1997, which detached from recently deglaciated terrain and 
increased the volume by erosion of snow and glacier ice on its runout path to about 2·106 m3. This 
combined rock-ice avalanche killed two persons and damaged a hotel (Giani et al., 2001). An even 
more disastrous rock-ice avalanche occurred in 2002 on the northern slope of the Kazbek massive, 
Russian Caucasus. The impact of this massive rock/ice avalanche from the steep face on the Kolka 
glacier resulted in an almost complete erosion of the valley glacier and led to a >100·106 m3 
avalanche causing the death of over 100 people in downstream areas (Haeberli et al., 2004). Rock 
avalanches often affect restricted areas due to limited runout distances. However, as a trigger factor 
for other periglacial hazards such as floods and debris flows, slope failures from steep faces can be 
highly hazardous and have the potential for far-reaching disasters. For hazard assessment, the 
location of possible slope instabilities is important. Furthermore, a better understanding of the 
impacts of climatic change on the high mountain environment and related slope instabilities has 
become increasingly important, not least because human settlements and activities have 
progressively extended towards endangered zones in many alpine regions. 
Understanding the spatio-temporal variability of mass movement processes in high-alpine bedrock 
slopes requires the understanding of the processes relevant for local slope instability as well as 
knowledge about the spatial and temporal variability of the boundary conditions. Slope instability 
phenomena are related to a large variety of factors involving the physical environment (Cruden and 
Varnes, 1996). Thus, the assessment of slope instabilities in periglacial flanks requires knowledge 
about all these factors. The occurrence of these events is influenced by many quasi-static factors 
such as geology and terrain parameters (i.e., slope gradient, slope aspect, and elevation). 
Establishing statistical relationships between the present-day slope failures and the predisposing 
factors is one way to better understand the conditions under which such instabilities develop. This 
is important for the assessment of their impact and the anticipation of future events, assuming that 
future events would occur under similar geo-environmental conditions.  
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Different studies on the influence of geology, topography, permafrost (e.g. Noetzli et al., 2003) and 
some detailed analyses on individual slope failures have been performed (e.g. Barla and Barla, 
2001; Eberhardt, 2004). GIS-based factor and susceptibility analyses are widely used for landslide 
processes. For slope failures from bedrock, some GIS-based factor studies exist (e.g. Ruff and 
Czurda, 2008; Baillifard et al., 2003). However, none of them included cryospheric factors. And for 
recent rock avalanches in the Central European Alps, neither comprehensive analyses of a large 
number of factors have ever been performed until now nor regional-scale analyses on periglacial 
slope failures. 
To improve knowledge about landslide processes and their controlling factors in periglacial areas, 
we analyzed a large number of detachment zones of recent rock avalanche events in the Central 
European Alps. The major objectives of this study are (1) to reconstruct the topographic, 
lithological and cryospheric setting at the detachment zone and the history of slope change for 
observed rock avalanche events, and (2) to compare these factors with their spatial distribution and 
occurrence over the entire investigation area. 
2 Background 
The stability of mountain rock walls is given by different environmental factors including the 
topographic and geological setting, geomechanical properties, hydrogeology, glaciation, and 
permafrost occurrence. Changes in one or more of these factors may reduce slope stability and, 
often in combination with potential triggering factors such as earthquakes or heavy precipitation, 
lead to eventual slope failure (e.g. Cruden and Varnes, 1996; Fischer and Huggel, 2008). Currently, 
permafrost and glaciers are the factors most prone to changes due to their sensitivity to atmospheric 
warming. The changes are made strikingly evident by the retreat of Alpine glaciers, with an overall 
area loss since Little Ice Age (LIA) maximum around 1850 of almost 50% in 2000 (e.g. Zemp et 
al., 2006). Less immediately visible but also very significant are changes in Alpine permafrost. 
During the past century, subsurface temperatures have warmed by about 0.5 to 0.8°C in the upper 
tens of meters (e.g. Harris et al., 2009), and since the LIA maximum, the lower permafrost 
altitudinal limit is estimated to have risen vertically by about 1-2 m/year (Frauenfelder et al., 2001). 
Variations in glacier geometry or permafrost temperatures can have large impacts on the local rock 
wall stress field as well as the hydrologic and geomechanical properties and therefore influence 
rock wall stability (Evans and Clague, 1994; Haeberli et al., 1997; Wegmann et al., 1998; Davies et 
al., 2001). Different processes link warming permafrost and destabilisation of steep bedrock, such 
as the loss of ice bonding in fractures, reduction of shear strength, or increased hydrostatic pressure 
(e.g. Gruber and Haeberli, 2007). Oversteepened slopes due to glacial erosion and glacier retreat 
are generally thought to adjust rapidly to the changing stress conditions by a reduction of the slope 
gradient. Many historical landslides however are possibly conditioned by late Pleistocene 
deglaciation more than 10,000 years earlier (Cruden and Hu, 1993). In such cases, slope 
deterioration can be intensified by progressive failure processes over long time periods, which 
reduce rock mass strength. Progressive failure is predominately driven by the propagation of 
fractures through intact rock pieces between existing discontinuities (Einstein et al., 1983; 
Eberhardt et al., 2004; Prudencio and Van Sint Jan, 2007). The response of steep rock walls to 
changes as well as the failure mode, scale and timing is strongly determined by the topography and 
the geological setting, in particular the geometrical and geotechnical characteristics of 
discontinuities (Einstein et al., 1983; Ballantyne, 2002). 
During the hot summer 2003, exceptional rock fall activity has been observed in the European Alps 
(Schiermeier, 2003; Keller, 2003; Gruber et al., 2004). These throughout small-volume events are 
likely related to the fast thermal reaction of the subsurface of steep rock slopes and an extension of 
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active layer thickness into ice-filled discontinuities (Gruber et al., 2004). Moreover, a large number 
of rockslides with volumes of more than 1·106 m3 occurred in the European Alps during the past 
decades. Examples are the Brenva rock avalanches in the Italian Aosta Valley in January 1997 
(total volume ca. 2·106 m3; Barla et al., 2000; Giani et al., 2001; Bottino et al., 2002) and in 
November 1920 (Deline, 2001). The slope failure of the Val Pola landslide (Italy) in July, 1987 
with a volume of about 40·106 m3 caused several casualties and significant damage and detached at 
the altitude of the expected lower limit of mountain permafrost (Dramis et al., 1995, Giani et al., 
2001; Govi et al., 2002; Crosta et al., 2004). A large event occurred in Val Zebrú near Bormio, 
from the Punta Thurwieser (Italy) in September, 2004 with a volume of about 2.5·106 m3 (Cola, 
2005; Sosio et al., 2008). An even larger event happened near Randa (Switzerland) in April, 1991, 
with a volume of about 30·106 m3, destroying the main road and rail way line and damming the 
Vispa river with subsequent flooding of the village (Sartori et al., 2003; Willenberg, 2004; 
Eberhardt, et al., 2004). A collapse of a rock flank involving 2·106 m3 occurred at the Eiger 
(Switzerland) in summer 2006, caused by recent glacier retreat (Oppikofer et al., 2008). And in 
October 2006, two rock avalanche events with volumes around 1·106 m3 occurred at Dents du Midi 
and Dents Blanches in the western Swiss Alps. Such large-volume detachments evolve mostly over 
longer time periods than small ones and may be influenced by climatic and large-scale topographic 
rather than seasonal changes. 
3 Regional setting 
The study area covers a 25’000 km2 region in the Central European Alps. The European Alps 
extend in a northward convex arc from Nice to Vienna and range from the Mediterranean sea level 
to a maximum altitude of 4’807 m a.s.l at Mont Blanc summit in the western part of the Alps. The 
Alpine range can be roughly divided into the Western Alps, the Central Alps and the Eastern Alps. 
The Central Alps compose quasi the connecting piece between the N-S oriented Western Alps in 
France and the E-W oriented Eastern Alps in Austria. In this study, mainly the area of the Central 
Alps is considered, including the entire Swiss Alps and the adjacent parts of the Italian and French 
Alps (see Fig. 1, inlet graphic). 
The Alpine orogenesis started in the Cretaceous about 135 million years ago, proceeded during the 
Cenozoic and is still going on today with an uplift rate in the same magnitude as the erosion rate 
amounting to about 1 mm y-1 (Labhart, 1998). The Alpine range consists of different tectonic units, 
which are divided from north to south in the Helveticum, Penninicum, Austroalpine and Southern 
Alps (Labhart, 1998; Pfiffner, 2009). The Helveticum mainly consists of Mesozoic limestones, 
shales and marls that were originally deposited on the southern continental margin of the European 
continent. It forms the northern boundary of the Central Alps. The Penninicum has the highest 
metamorphic grade and is composed by large areas of gneiss from the crystalline basement and 
zones with ophiolite sequences and deep marine sediments, metamorphosed to phyllites, schists 
and amphibolites. 
The Austroalpine contains parts of the African crystalline basement and sedimentary rocks. Main 
lithologies are schists, gneisses, dolomite and limestone that have only minor metamorphic 
overprint from the Alpine orogenesis. The Southern Alps are located south of the Insubric Line, the 
main suture zone in the European Alps and are composed of crystalline rock, volcanic rocks and 
Mesozoic sediments. In addition, the four massifs Aar Massif, Gotthard Massif, Aiguilles Rouges 
Massif and Mont Blanc Massif exist in the Central Alps, which mainly consist of gneiss and 
granite. Intrusions during the formation of the Alps are relatively sparse; the largest in the Central 
Alps is the Adamello granite. 
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Fig. 1. Geological classification of the Central Alps derived from the Geotechnical Environmental Atlas of 
Switzerland V1/00 (© Swiss Geotechnical Commission; Geological basis data © Swiss Federal Office of 
Topography, Section Geological Survey). 
Figure 1 shows a map with a simplified geological classification of the Central Alps deduced from 
the Geotechnical Environmental Atlas of Switzerland (© Swiss Geotechnical Commission; 
Geological basis data © Swiss Federal Office of Topography, Section Geological Survey). Note 
that this classification is based on lithology and not on tectonical units. 
Late Pleistocene glacial cycles and periglacial weathering carved and shaped the European Alps. 
During the LGM (about 21,000 y BP), glaciers covered an area of about 150,000 km2 in the 
European Alps (Keller and Krayss, 1998). With increasing air temperature after the LGM, glaciers 
started to retreat between 17,000 and 10,000 y BP (Keller, 1988). In 1999, the glaciers cover 2,270 
km2, which constitutes about half of the glacier-covered areas at the end of the Little Ice Age 
around 1850, when the glacier-covered area amounted to approx. 4,470 km2 (Zemp et al., 2006). 
Figure 2 shows the distribution of glacier cover with respect to the elevation in the year 1999. The 
lower boundary of glaciation is at approximately 1600 m a.s.l. and glacier cover increases strongly 
with elevation. Above 3000 m a.s.l., 35–40% of the area is covered by glaciers.  
 
 
 
 
 
Fig. 2: Portion of glacier covered area with respect 
to elevation. The elevation is divided in 200 m 
increments, starting at 1600 m a.s.l. 
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Quaternary sediments are widespread in the periglacial zones, including alluvial cover, slope debris 
and moraine. These sediments can be found mainly in flat to moderately inclined slopes. Bedrock 
slopes show generally higher slope gradients from about 35° to vertical. Zemp (2002) identified a 
threshold of 34° for the separation of debris-covered and bedrock slopes based on analyses of the 
rock signature in topographic maps. Gruber and Haeberli (2007) introduced a gradient of 37° as an 
approximate threshold of steep rock slopes. In this study a threshold of 35° is chosen for the 
distinction between talus and bedrock. However, depending on local morphology debris 
accumulation can also occur in concave topography steeper than this threshold, for example in 
couloirs. 
4 Data and Methodology 
This study uses a GIS-based heuristic approach based on the intercorrelation of controlling 
environmental factors in the entire study area and at the detachment zones of recent rock avalanche 
events in the study area. A combination of different parameter maps were implemented by the use 
of GIS, as an important tool to provide the various functions for handling, processing, analyzing 
and reporting spatial data. 
The primary basis of data used is a rock avalanche inventory, which contains 57 events that 
occurred between 1900 and 2007 in the Swiss Alps and adjacent areas in France and Italy. Figure 3 
gives an overview of the spatial distribution of the events. The selection criteria for inclusion in the 
study are a detachment zone located above 2000 m a.s.l and an estimated volume around or larger 
than 1000 m3. The study area is marked in colour in Figure 3. In addition, areas above 2000 m a.s.l. 
are marked in blue. Rapid mass movements from bedrock failures can be divided in classes, here 
by using the classification of Hungr et al. (2001): Rock fall typically involves relatively small 
volumes < 10’000 m3, whereas rock avalanches contain volumes of more than 10’000 m3. To 
simplify matters, we use the term rock avalanche for the volumes between 1000-10’000 m3, if both 
classes are included. 
 
Fig 3. Investigation area and location of the rock avalanche events. For the DHM analyses, the coloured area was 
considered in this work including the alpine zone of Switzerland and adjacent areas. The black rectangle marks the 
specially investigated zone 0, where no rock avalanche events were recorded. 
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Fig. 4. Number of rock avalanche records 
per decade in the current and past century. 
The significant increase in number in the 
past three decades is difficult to interpret 
because of increased recording activities 
during this period. 
The inventory is based on the one by Noetzli (2003), which has continuously been extended by 
information from scientific publications, newspaper articles, field observations, and personal 
comments. Since 1980 and especially between 2000–2007 more events were recorded than in the 
period before (Fig. 4). It is difficult to assess whether the number of slope instabilities has really 
increased during recent decades due to the influence of atmospheric changes and linked changes in 
periglacial terrain or if this increased number of recorded periglacial slope failures arises only from 
increased recording activity during recent decades and more observations because of enhanced 
economic and touristic developments in mountainous areas. However, the increased recording 
activity has to be considered in the analyses to prevent from a bias.  
For the extraction of topographic attributes such as elevation, slope gradient or slope aspect, a 
digital elevation model with 25 m grid spacing (DHM25 Level 2, Swisstopo) was used. This 
dataset is based on the interpolation of contour lines from the Swiss National Map (1:25’000) and 
includes digitised lake perimeters, main break lines and spot heights (Swisstopo, 2004). 
The geological setting of the study areas was deduced from the digital geotechnical map that is 
based on the Swiss Geotechnical Environmental Atlas (Swiss Geotechnical Commission). The 
classification was simplified to seven classes in order to allow investigations at a regional scale. 
The class conglomerate contains sandstone, marl, breccias; the class shale/schist contains 
Bündnerschiefer, argillite, shales, schists and similar lithologies; the class limestone contains 
limestone and dolomite; the class granite contains mainly granitic lithologies; the class gneiss 
contains both orthogneiss and paragneiss; the class amphibolite contains amphibolite, diorite, 
gabbro, peridotite, serpentinite, greenschist; and the class others contains radiolarian rock and 
quarzphyllite. 
The glaciation history in the Swiss Alps since the maximum of the Little Ice Age (about 1850) was 
investigated to analyze the influence of glacier retreat on slope stability. The investigation was 
performed based on an existing digital glacier inventory of the Swiss Alps, which covers three 
periods. Maisch (1992) carried out a homogenous reconstruction of glacier extents around 1850 for 
glaciers of Grisons and the surrounding mountains based on the ‘Siegfried map‘ series. For the year 
1973 the data set was compiled from aerial photography (Müller et al., 1976), and for the year 1998 
glacier outlines were reconstructed based on satellite images (Paul, 2004). 
To estimate the lower boundary of the permafrost occurrence, a very basic approach was chosen. 
The primary factors determining the surface temperature of a rock wall are aspect (shortwave 
radiation) and altitude (sensible heat and longwave incoming radiation; cf. Noetzli et al., 2003). 
Fischer et al.: Statistical analyses of recent Alpine rock avalanches 
7 
 
The combination of these two topographic parameters was used and the elevation thresholds were 
adopted from the model PERMAKART (Haeberli, 1975; Keller, 1992). This model defines the 
lower limit of discontinuous permafrost occurrence in steep slopes to vary roughly between 2500 m 
in northern expositions and more than 3000 m a.s.l. in southern expositions (Haeberli, 1975; 
Gruber, 2004). Additionally, for the investigation of surface characteristics at the detachment zones 
of the rock avalanches, aerial images and terrestrial images were utilised and visually examined. 
5 Results 
5.1 Rock avalanches and topography 
Elevation 
This study focuses on periglacial rock slope failures and therefore analyses are concentrated on 
areas located above 2000 m a.s.l. (Fig. 3), which extend over 50% of the investigation area, areas 
below 2000 m a.s.l. are not included. The elevation interval between 2000 and 3000 m a.s.l. 
comprises an area of 13’500 km2, which corresponds to 45% of the total area. The elevation 
interval between 3000 and 4600 m a.s.l. extends over 1’300 km2, which corresponds to 5%. Fig. 4 
shows the frequency distribution of the area in 200 m altitudinal intervals. In Figure 5, the bars in 
light grey concern the data set of the entire area above 2000 m a.s.l., while the ones in dark grey 
exclusively relate to the bedrock areas with slope gradients higher than 35° in the area the same 
altitudinal belt.  
Comparing the elevation of bedrock areas with the elevation of the entire investigation area, a 
slight shift towards higher elevations is observed for bedrock areas. Looking at the distribution of 
the detachment zones of the events (marked in red in Fig. 5), the shift towards higher elevations 
becomes more pronounced. 40% of the rock avalanches (i.e. 22 events) started from the elevation 
interval between 2000 to 3000 m a.s.l. (i.e. 45% of the total area), whereas 60% of the rock 
avalanches (33 events) started above 3000 m a.s.l. (i.e., 5% of the total area). 
 
 
Fig 5. Area distribution with respect to elevation over the entire area (light grey), bedrock areas (dark grey) and 
rock avalanche detachment zones (black), calculated in 200 m elevation increments. 
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Fig. 6. Frequency distribution of slope gradients for the areas above 2000 m (black), the area above 3000 m a.s.l. 
(light grey), and the rock avalanche detachment zones (dark gray, in 10° intervals; 6a) and cumulative frequency of 
slope gradients for the same data sets (6b).  
Slope gradient 
As a fundamental driver of slope instability, the slope gradient is typically incorporated into 
bedrock failure analyses (e.g. Donati and Turrini, 2002; Ruff and Rohn, 2008). The slopes at higher 
elevations progressively become steeper. Between 1000 and 2800 m a.s.l., mean slope gradient 
calculated over the whole area is 27–30°, between 2800 and 3500 m a.s.l. 30–32° and above 3500 
m a.s.l., mean slope gradient is around 35°. Similarly to the elevation ranges, the trend pattern of 
the slope gradient distribution was calculated for the area above 2000 m a.s.l. (light grey in Fig. 6), 
the bedrock areas above 2000 m a.s.l. (dark grey), areas above 3000 m a.s.l. (blue), and the 
detachment zones of the rock avalanches (red). The slope gradients of the bedrock areas are about 
1° higher compared to the entire area above 2000 m a.s.l., which is clearly visible in the cumulative 
frequency distribution. The two samples above 2000 m show approximately normal distribution. 
The maximum of the slope gradient distribution of the entire area is at ca. 30° (Fig. 6a). The slope 
gradient frequency distribution only including areas above 3000 m, however, shows a different 
pattern: Two maxima exist at ca. 20° and 47° and a larger part of the area is located in flatter as 
well as steeper terrain than in the altitudinal belt 2000–3000 m. This is probably due to the 
occurrence of relatively more flat glaciers and steep bedrock areas. The rock avalanche detachment 
zones, in contrast, have very high slope gradients. Their frequency distribution is depicted in 
intervals of 10° in Figure 6. The highest frequency of detachment zones slope is between 40–60°. 
Higher values than 60° are common, but slope gradient values below 40° are rather rare. The 
cumulative frequency distribution of slope gradients at the detachment zones is about 20° higher 
than that over the entire area (Fig. 6b). 
Slope aspect 
Over the entire investigation area, the area proportion is roughly the same in all slope aspect 
directions. The detachment zones occur on slope of all aspects and no significant aspect-depending 
pattern could be observed. Therefore, the factor aspects will not be further discussed. 
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Fig. 7: Area proportion of the different lithological groups in different altitudinal belts (grey scales, statistics no. 2-
4) and the lithological setting of the rock avalanche events (black, no. 6). Additionally, white bars depict the 
lithology distributions in the area without events recorded (no. 5). 
5.2 Rock avalanches and lithology 
Fig. 1 shows the spatial distribution of the lithological classes over the entire investigation area, 
Fig. 7 depicts the percental proportion of each class. The evaluations were performed for six data 
samples: Fig. 7 shows the lithology distributions for different altitudinal belts in grey scales (data 
sets 2-4), white bars (data set 5) depict the lithology distributions in a selected area without 
recorded events (c.f. Fig. 3) that will be discussed in Chapter 4.5, and the lithological setting at the 
detachment zones is displayed in black (data set 6).  
With 40 %, gneiss covers the largerst proportion of the investigation area, followed by limestone 
(25%) and shale (17%). The proportion of all other lithology classes is less than 10%.The seven 
lithological classes are not equally distributed over altitude: Conglomerates and the class others do 
not exist above 3000 m a.s.l., and also the proportion of the groups shale and limestone decrease by 
75% and 66% between the statistics 1 and 4. Contrastingly, the proportion of the lithologies 
granite, gneiss and amphibolite increases with elevation. Gneiss and limestone each cover an area 
of around 30% in the area below 2000 m a.s.l. Above 3000 m a.s.l. the proportion of limestone 
decreases to 10% whereas the one of gneiss strongly increases and is the predominant lithology 
with more than 50% area coverage. Most detachment zones are located in gneiss followed by 
granite, limestone and amphibolite. Figure 8 shows the proportion of the lithologies at the 
detachment zones normalised by the lithological proportions over the entire area in the two 
altitudinal belts 2000–3000 m a.s.l. and above 3000 m a.s.l. The value 1 denotes an equal 
lithological proportion of the detachment zones as over the entire area, values larger than 1 mean 
that proportionally more events occur in a lithology than this one is present over the entire area, and 
values below 1 indicate the opposite. In the area above 3000 m a.s.l., the proportion of the lithology 
at the detachment zones is comparable to the one over the entire area. In the altitudinal belt 2000–
3000 m a.s.l., in contrast, large deviations from the lithology distribution of the entire area exist for 
all lithologies. In limestone, granite and amphibolite proportionally more events and in gneiss 
proportionally less events occured. 
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Fig. 8: Lithology of the detachment zones normalised 
by the lithology over the entire area for the two 
altitudinal belts 2000-3000 m a.s.l. and above 3000 m 
a.s.l 
Fig. 9 shows the distribution of the cumulative frequency of slope gradients for each lithological 
group (different colours) for the entire area as well as for the bedrock area above 2000 m a.s.l. 
(black dashed). The lithological groups conglomerate and others have by far smaller slope 
gradients than the other lithologies and limestone and granite show higher slope gradients than the 
bedrock area. The differences in the pattern of cumulative slope gradients are strongly correlated 
with the elevation where the lithologies dominate. Conglomerates mainly occur in lower areas and 
build up flat topography whereas granite dominates in areas above 3000 m a.s.l. and forms steep 
slopes. However, limestone dominates more in areas below 3000 m a.s.l. but has comparable high 
slope gradients as gneiss. This indicates that slope gradients also depend on the geotechnical 
charactristics of a lithology and not only on the elevation as mentioned in 5.1. 
The rock avalanche events were divided into four volumetric groups to analyse the connection of 
the lithological setting and the slope failure volume. For 54 events, a rough volume estimation was 
possible. The smallest volumetric class (1000m3 – 10’000 m3) contains 24 events, which 
corresponds to almost 50% of the data base. 
 
 
Fig. 9: Cumulative frequency of the slope gradient above 2000 m a.s.l.in the different lithological groups. 
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Fig. 10: Number of events of a particular volume class within the different lithologies. 
Nine rock avalanche events had volumes larger than 10’000 m3, the volume of 10 events exceeded 
100’000 m3 and 11 events were recorded with volumes > 1·106 m3. Figure 10a shows the 
distribution of these volume classes among the lithologies, the two smaller and the two larger 
classes are combined. The lithology groups conglomerate, others and schist show zero or one 
record. This probably induces the fact that the portion of these lithologies are marginal, but also 
because they tend to other types of mass movements, e.g. slow moving deep-seated rotational 
landslides or continuous small-volume erosion.  
The 1000 m3 class is distributed over all other lithologies with a maximal count in granite. The 
classes granite and amphibolites show a pattern with a large number of small volume events and 
few events with very large volumes. The classes limestone and gneiss, on the contrary, show an 
equal number in both volume classes. 
5.3 Rock avalanches and glaciation 
About 35-40% of the surface above 3000 m a.s.l. is covered by glaciers and also at lower altitudes 
a considerable portion of the area is glacier covered (Fig. 2). Since the LIA, approximately half of 
the glacial cover disappeared (e.g. Zemp et al, 2006). The glacier retreat was proportionally largest 
between 1500 and 3000 m a.s.l. but is also documented above 4000 m a.s.l. Therefore, large areas 
of alpine rock walls are considered to be influenced by recent changes in glaciation. 
 
 
 
 
 
 
 
Fig. 11: a: Glaciation situation 
at failure time of each rock 
avalanche event, partitioned 
by the different lithologies. b: 
glaciation state distribution in 
the four volumetric classes 
(no = no recent glaciation, yes 
= adjacent glaciation). 
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In this study, the changes in glaciation since the LIA were assessed for each detachment zone. 
Based on the digital glacier inventory of the Swiss Alps, the glaciation state at and around the 
detachment zones was assessed for 1850, 1975 and 1998. The assessment of the glaciation at 
failure time was done based on visual comparisons of the location of the detachment zones with the 
glaciation map and additional information from the literature, maps, and photgraphs if available. 
56% of the detachment zones were not glacier covered at failure time, but 44% of the detachment 
zones showed glaciation in direct vicinity.  
Figure 11a displays the glaciation state for the slope failures, seperated in the different lithological 
classes. Figure 11b depicts the glaciation state of the detachment zones divided into the four 
volumetric classes. No glaciation (dark grey) means that there was no glacier in the flank or at the 
foot of the rockwall. Most of these locations were not affected by glaciation during the LIA, which 
means that the last glacial influence was likely during the LGM. The group with glacial influence 
(light grey) has either a valley glacier at the foot of the rockwall, which might directly impact the 
stress field in the flank, or glacier ice within the flanks. These locations were mostly ice covered 
during the LIA and we consider them to be influenced by recent glaciation and glacier retreat.  
Fig. 11b reveals that in the smallest and largest volumetric classes, the count of glacial influenced 
detachment zones is only half of the one without recent glaciation. In the two intermediary classes, 
the pattern is inverted: The number of glacial influenced detachment zones is twice as much as 
without recent glaciation. Fig. 11a shows that in the lithologies limestone and granite, the number 
of events without glacier influence exceed the ones with glacier influence by far. In the amphibolit 
group, the distribution is similar. In the gneiss group, however, the number of events with glacier 
influence clearly exceeds the one without glacier. To check whether this is caused by the relatively 
higher portion of gneiss around the glaciers than granite and limestone, the frequency distribution 
of the lithologies in the vicinity of glaciers was calculated in a 100 m boundary zone around all 
glaciers. The frequency distribution of the lithologies at the glacier boundaries corresponds well 
with the regional frequency distribution over 3000 m a.s.l., where major glaciation is located. 
Figure 12 shows the proportion of detachment zones with glacier presence normalised by the 
proportion of the glacier boundary lithologies. It becomes obvious that rock avalanche events in 
gneiss detach above proportion in glacier vicinity and granite below proportion in glacier vicinity. 
 
 
 
 
 
 
 
 
Fig. 12: Proportion of glacial influenced detachment zones 
normalised by the proportion of the glacier boundary 
lithologies.  
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Tab. 1. Seasonal distribution of the rock avalanche events, divided in the four volume classes. 
Season  Volume [m3]   
  >1‘000 >10‘000 >100‘000 >1‘000‘000 
Dezember-March 1     3 
April-Juni 2   3 2 
Juli-Aug 16 1 4 2 
Sept-Nov 1 3 2 4 
unknown 4 5 1  
5.4 Rock avalanches and permafrost 
Rock avalanche activity from steep bedrock walls varies in both, magnitude and seasonal timing. 
For the four volumetric classes of Fig. 11b, the seasonal distribution of the slope failures was 
analysed (Tab. 1), because processes involved in slope instabilities are presumably different for 
different volume classes and seasons. In the volume class between 1’000 and 10’000 m3, a clear 
accumulation of events during the summer season is observed. A large number occurred during the 
extraordinary hot summer 2003. In the three larger volume classes no dominant pattern can be 
observed. Neither during summer months nor in the winter season an event accumulation can be 
observed and the distribution is quite equal over the whole year. 
Rough estimations on possible permafrost occurrence at the detachment zones were based on the 
topographic location. Figure 13 displays the altitude of the detachment zones together with slope 
aspect. The two blue shades indicate the possible and probable permafrost occurrence based on the 
so-called ’rules of thumb’ by Haeberli (1975) implemented in the PERMAKART model (Keller, 
1994). The two grey curves show the elevation of a modelled 0 °C-isotherm of near- surface 
temperatures in steep rock based on meteo data from the Corvatsch and Jungfraujoch stations as an 
indication of the lower permafrost boundary in steep rock (Gruber et al., 2004). 
 
Fig. 13: The altitude of the detachment zones related to slope exposition as an information about the permafrost 
setting.The two blue shades indicate the possible and probable permafrost occurrence based on the PERMAKART, 
the two grey curves show the modelled 0 °C-isotherm based on meteo data from the Corvatsch and Jungfraujoch 
stations as an indication of the permafrost boundary (after Gruber et al., 2004). 
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The large difference in the permafrost boundary of 200–900 m altitude difference between the two 
methods mainly results from the basis of the two estimations. PERMAKART was calibrated for 
rock glacier areas in the Upper Engadine and tends to overestimate the permafrost occurrence in 
steep bedrock. The 0°C-isotherm is modelled for very steep rock and does not consider any snow 
cover. It therefore tends to underestimate the permafrost extent. The combination of the two, 
however, can be regarded as rough estimates of the lowest (PERMAKART) and uppermost (rock-0 
°C-isotherm) altitude of the permafrost occurrence. For both methods it should be kept in mind that 
shading and local topography are not considered. 
In Fig. 13, the rock avalanche events are divided again into two volumetric groups based on their 
volume. 6 events are located clearly outside permafrost, 12 are located above the rock-0 °C 
isotherm and therefore most likely in continuous permafrost. The other 34 detachment zones, hence 
the majority, are located below the 0 °C isotherm of Corvatsch but in areas where permafrost is 
possible or probable based on PERMAKART. The large volume events (green) generally detached 
at lower altitudes than the small volume events (red), except for 6 events with slope expositions NE 
and E. The distribution of the 46 detachment zones that are possibly located in permafrost shows a 
similar shape as the rock-0 °C isotherms. This might indicate similar thermal conditions and 
thermal influence on many of theses events. The above mentioned events of summer 2003 with 
volumes of around 1000 m3 are additionally marked with a black framing. No obvious pattern in 
their distribution can be noticed. However, a slight concentration close to the modelled rock 0 °C 
isotherm of two-thirds of these events is observed.  
5.5 Zone without rock avalanche records 
In the central part of the Swiss Alps, a large area exists, where no rock avalanche was documented 
(Fig. 3). To investigate, whether there could be topographic, lithologic or other causes for the lack 
of rock avalanche events, a 4’800 km2 large region (called zone 0) was investigated seperately and 
compared with the characteristics of the entire investigation area.Figure 7 shows that the frequency 
distribution of the lithology groups is comparable to the the entire area. Again, gneiss is the 
predominant lithology and the other main groups have percentage of around 10-15% each. 
However, a strongly increased proportion of schist exists, namely large areas of Bündnerschiefer.  
Figure 14 depicts the elevation distribution in zone 0 normalised with the elevation distribution of 
the entire study area. Proportionally less area exist above 3000 in the zone 0 but slightly more 
between 2000 and 3000 m. Only 72 km2 are located above 3000 m a.s.l. which corresponds to 1.5 
% of the total area in zone 0, whereas over the entire area around 1200 km2 are in this altitudinal 
belt, what corresponds to 5% of the entire area. 
 
 
 
 
 
 
Fig. 14: Elevation distribution in zone 0 normalised 
with the elevation distribution over the entire area. 
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Fig. 15: Normalised slope frequency distribution of 
the zone 0. 
 
A comparison of the slope gradients in the zone 0 with the ones over the whole investigation area 
was performed and the slope gradients of zone 0 were normalised with slope gradients over the 
whole area (Fig. 15). In the zone 0 proportionally less area with slope gradients larger than 50° 
occur. The proportion of areas in the zone 0 strongly decreases with increasing slope gradients. 
6. Discussion 
A rock avalanche inventory represents the spatial distribution of slope failure events and provides a 
fundament for the analysis of the empirical relation of instability and local predisposition factors. 
In this rock avalanche inventory study, slope failure susceptibility is explored with individual or 
combined predisposing factors such as elevation, slope gradient, geological setting, cryospheric 
factors and history of slope changes. 
The number of events documented and the sampling technique are the first points that have to be 
considered when interpreting the results from statistical analyses. An increased frequency of rock 
avalanches was associated with climate change in other mountainous regions such as British 
Columbia (Geertsema et al., 2006). However, direct relationships between atmospheric warming, 
rock avalanche frequency and magnitude changes are difficult to establish, because historical 
records are especially for small-volume events almost certainly incomplete. We cannot draw 
conclusions about a possible increase in rock fall events based on the existing inventory because 
the recording activity strongly enhanced during the past decades because of both, increased 
activities in high mountain areas and higher public awareness of changing conditions in the Alps. 
This likely induces a bias in statements about the frequency of rock avalanche occurrences. 
Especially most small-volume events up to 10’000 m3 were likely not documented before about the 
year 2000 if they did not have direct impact on people or infrastructure. Looking at large-volume 
events (0.1·106 to >1·106 m3), however, a remarkable high number of 13 events during the past 
thirty years were documented. Only 8 events have been registered in the same volume class during 
the time period 1900–1980. Such large-volume events hardly remain unnoticed and we consider 
them to be known and documented for the whole time period since 1900 more or less completely. 
Based on these considerations, a recent increase in large-volume rock avalanche events is probable. 
A very interesting pattern of rock avalanche occurrence can be observed between 1900 and 1980. 
Between 1910 and 1930 and again between 1960 and 1980, very few records can be observed 
whereas between 1930 and 1960, comparably many events are recorded. The two periods without 
events correspond with two cold temperature periods, whereas the period with increasing records 
coincides with a warm temperature periods with strong glacier retreat. Although the number of 
events does not allow conclusions about this statistic, this pattern could indicate an increased rock 
avalanche activity during warm temperature periods with glacier retreat, as also assumed for the 
16 
 
recent increase of large slope failures since about 1980. Nevertheless, for both, large-volume as 
well as small-volume events, the inventory period has to be extended to allow for more reliable 
conclusions about frequency and magnitude trends. 
Topography 
Some remarkable results are found by comparing the topographic factors at the detachment zones 
with their occurrence in the entire investigation area. Detachment zones are not normally 
distributed with elevation, and the proportion of detachment zones is significantly increased at 
elevations above 2800 m a.s.l. and even more above 3400 m. The clearly smaller proportion of 
areas above 2800 m a.s.l. in the zone 0 could be one reason for the absence of rock avalanche in 
this zone, but does not entirely explain it The increased proportion of detachment zones above 3000 
m a.s.l. could be a result of the higher glacier coverage in this altitudinal belt compared to areas 
below 3000 m a.s.l. and thus also relatively larger areas affected by recent glacier retreat. Although 
not considered in this study, these considerations also apply to permafrost occurrence, which 
inherently correlates with altitude. Below 2000 m a.s.l only little areas are within permafrost, above 
3000 m a.s.l. permafrost is abundant and often continuous (BAFU MAP). The zone 0, on the 
contrary, shows very few glaciated areas. 
The overall distribution of slope gradients at the detachment zones is shifted by about 15–20° 
towards steeper gradients compared to the area-wide slope gradients (Fig. 6b). The calculated slope 
gradients for the detachment zones are mean slope gradients and maximal values might be even 
higher. The slope gradients are calculated based on a DTM with 25 m grid resolution. This 
additionally leads to generally reduced slope gradients due to a smoothing of the topography. Slope 
gradients calculated from high-resolution DTMs with 1–2 m resolution, for example from LiDAR 
data, typically show slightly higher values in steep rock walls. Only 7% of the detachment zones 
show mean slope gradients below 40° and this value can be taken as a rough threshold for the 
critical slope gradient for rock avalanches in prospective susceptibility analyses. 
Lithology 
The classification of the lithologies required for a statistical analysis is a strong generalisation that 
might induce errors, because even similar lithologies can have very different geotechnical and 
geomechanical characteristics. A large part of the Central Alps constitutes of gneiss-type rock 
masses, containing both orthogneiss (from igneous rocks) and paragneiss (from sedimentary rocks); 
mineral constitution and metamorphic grade can vary strongly. Similarly, the mineral constitution 
can strongly vary in other lithological groups such as the amphibolite group. The classification has 
to be kept in mind when interpreting the results; for more detailed investigations of single 
detachment zones the lithological information has to be improved. The lithological groups are not 
equally distributed in the altitudinal belts. This is mainly a result of the location of the different 
tectonical units and their different geotechnical characteristics leading to differential erosion. The 
Helveticum and Penninicum containing main parts of the conglomerate, shale and limestone groups 
are located in the northern parts of the Alps with lower altitude, whereas the Austroalpine 
containing main parts of the gneiss, amphibolite and granite groups are located in the central to 
southern belts of the Alps showing higher elevations. Therefore, the proportion of conglomerate, 
shale, and limestone groups decreases at higher elevations, whereas the proportion of gneiss, 
granite and amphibolite increases (Fig. 7). The distribution of the lithologies of the detachment 
zones corresponds quite well with the area-wide lithology distribution. In high-alpine environments 
no lithology could be designated a significantly higher failure susceptibility than other lithologies. 
The normalisation of the detachment zones with the distribution of the lithologies over the entire 
area in Fig. 8, however, shows that granite has a proportionally high slope failure count in the 
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elevation belt between 2000 and 3000 m a.s.l., whereas in gneiss proportionally to the entire area 
less slope failures occur in this altitudinal belt. In the altitudinal belt above 3000 m a.s.l. the 
distribution of the detachment zones corresponds well with the portion of lithologies in the entire 
area. 
The lithological setting seems to have a strong influence on the volume of the slope failures. The 
classes granite and amphibolite produce more smaller volumes, whereas gneiss and limestone 
produce small as well as large volumes. Such dependencies were already observed by Abele 
(1974). 
Glaciation 
Almost half of the rock avalanche events occurred in areas with recent changes in glaciation glacial 
influence, whereby recent means since the LIA. In the altitudinal belt 2000–3000 m a.s.l., for 6 of 
totally 21 detachment zones (29%) a glacier existed right below the failed area, above 3000 m 
a.s.l., 18 of totally 33 detachment zones (55%) had adjacent glacier cover. Several slope failures 
can be directly linked to recent glacier retreat, e.g., the Eiger rock slide (Oppikofer et al., 2008). 
Other events from the group without recent glacial influence are thought to be predisposed by the 
long-term effects of the retreat of the LGM glaciers, such as the Randa (Eberhardt et al., 2004) or 
Tschierva rock avalanche (Fischer et al., submitted). 
Our investigations show that changes in glacier cover do not affect all volumetric classes in the 
same way. The smallest (<10’000 m3) and largest volumetric groups (>1·106 m3) occur 
predominantly in areas without recent glacier influence. The latter are thought to be influenced by 
long-term effects of the retreat of the LGM glaciers, if there is a glacial influence at all. The 
smallest volumetric group shows many events in areas without glaciation. As most of these events 
are located in areas with probable permafrost occurrence (Fig. 14), they are probably more 
influenced by changes in the thermal regime. However, the intermediate volume classes seem to be 
often influenced or predisposed by glacier retreat. Cruden and Hu (1993) proposed an exhaustion 
model of temporal distribution of rock slope failures which basically suggests that the number of 
failures exponentially decreases with time following deglaciation. Accelerated and irreversible 
climate warming predicted for the coming century (IPCC, 2007), the continued down wasting of 
valley glaciers and unloading of adjacent rock walls, combined with a loss of steep ice and 
permafrost warming will negatively influence slope stability in the European Alps. The area of 
bedrock slopes influenced by glacier retreat will significantly increase and based on the 
assumptions of Cruden and Hu, the number of slope failures as a short-term reaction on the 
changes in topography, stress and thermal fields could first increase. 
Permafrost 
The permafrost boundaries are estimated with simple methods, and as no shadows and no detailed 
topography are considered, large uncertainties exist with both methods. A first assessment of the 
range of the lower altitudinal permafrost boundary is nevertheless possible. The comparison of the 
location of the detachment zones (altitude-aspect) with two basic permafrost altitudinal boundary 
estimates reveals a concentration of the detachment zones to areas between the estimated maximum 
and minimum permafrost boundaries. The detachment zones also show the same pattern in 
elevation as the permafrost boundaries with higher locations in southern and lower locations in 
northern direction. The zone between the estimated maximum and minimum permafrost boundaries 
can be interpreted as the marginal permafrost zone, probably most prone to changes. This is in 
agreement with ideas of Davies et al. (2001) and Haeberli et al., (1997) that warming ice in rock 
discontinuities becomes less stable a few degrees below the melting point, where mixtures of rock 
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water and ice exist. The marginal permafrost zones and the active layer zones are thought to be the 
areas where most recent changes have taken place concerning ice contents and hydrology. 
The concentration of relatively small slope failures in the hot summer 2003 indicates changes in the 
near-surface parts of the permafrost, whereas the fact that several large-volume events occurred in 
winter time (e.g., the Brenva rock avalanche in January 1997) points to processes and changes that 
take place at greater depths and are related to long-term changes rather than to seasonal influences. 
Small-volume events correspond to changes and destabilisation of the near-surface layer (e.g., 
active layer thickening in the permafrost zone) and tend to react immediately to changes, large-
volume events are more likely related to gradual warming at greater depths that are not influenced 
by seasonal variations of surface temperatures and develop over longer time periods. The ongoing 
atmospheric warming will increase the area subject to changes in permafrost temperatures. 
Especially the progressive thermal changes down to larger depths in the permafrost zones can 
influence the size of the future slope failures and lead to increased rock avalanche volumes. 
Important processes thereby may be convective heat transfer processes that can penetrate much 
faster and may be particularly favoured by rock discontinuity systems (Gruber and Haeberli, 2007). 
More detailed investigations on the thermal fields are required, such as e.g. the three-dimensional 
distribution and evolution of permafrost temperatures to enable a better process understanding 
(Noetzli et al., 2007). 
7. Conclusions 
Because of the relatively low number of rock avalanches in the study area, we concentrated on a 
more heuristic approach by comparing the characteristics of the detachment zones with the settings 
over the entire area. In this heuristic approach, the factors of lithological class, elevation, slope 
gradient, glacierisation state and permafrost conditions were included in the analyses. Slope 
gradient, elevation and recent glaciation changes were found to have the strongest deviations in 
their distribution in detachment zones and in the entire area and, hence, likely have a stronger 
influence on slope failures. Additionally, many slope failures occurred in areas of marginal 
permafrost, where warm permafrost is probable. Already minor changes in the subsurface 
temperatures could therefore strongly influence the slope stability in these areas. The lithology 
seems to influence the volume of a slope failure rather than the frequency. 
The results of such factor analyses strongly depend on the quality of the basis data. One problem is 
the unsuitable resolution or inaccuracies of the basis data, for example the resolution of the 
geological map or uncertainties of coordinates and timing of rock avalanche events or simply a 
total lack of information what could lead to biased results. This study treats the detachment zones 
as point data as their location and exact extent are rarely known. However, mostly the topography 
of the surrounding area has also effects on the slope stability such as steepening, strong curvatures, 
etc. For further studies, the whole areas detachment zones should be considered for the 
investigation and also the surrounding area. However, investigations within this study have shown 
that more detailed topographic analyses require DTMs with higher resolution than 25 m. 
The results of this analysis of detachment zones as well as the entire area have shown that areas of 
increased susceptibility could be distinguished descriptively identifying areas with critical factors. 
However, to enhance the significance of the statistical analyses a larger data base of rock avalanche 
events would be necessary. For susceptibility mapping over large areas, a multi-criterion approach 
based on the factors investigated within this study could be applied with an additional rating of the 
individual factors. Simple GIS-based spatial factor analyses can be used for such first-order 
susceptibility analyses and contribute to the detection of hot spots, where critical factor 
combinations occur. 
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Abstract. The Monte Rosa east face, Italian Alps, is one
of the highest flanks in the Alps (2200–4500 m a.s.l.). Steep
hanging glaciers and permafrost cover large parts of the wall.
Since the end of the Little Ice Age (about 1850), the hanging
glaciers and firn fields have retreated continuously. During
recent decades, the ice cover of the Monte Rosa east face
experienced an accelerated and drastic loss in extent. Some
glaciers have completely disappeared. New slope instabili-
ties and detachment zones of gravitational mass movements
developed and enhanced rock fall and debris flow activity
was observed. This study is based on multidisciplinary in-
vestigations and shows that most of the detachment zones
of rock fall and debris flows are located in areas, where the
surface ice disappeared only recently. Furthermore, most
of these detachment zones are located in permafrost zones,
for the most part close to the modelled and estimated lower
boundary of the regional permafrost distribution. In the view
of ongoing or even enhanced atmospheric warming and asso-
ciated changes it is therefore very likely that the slope insta-
bilities in the Monte Rosa east face will continue to represent
a critical hazard source.
1 Introduction
Perennially frozen and glacierised mountain regions react
very sensitively to changes in atmospheric temperature (Hae-
berli and Beniston, 1998; Harris et al., 2001). As a conse-
quence, climatic developments during the 20th century have
caused pronounced effects in the glacial and periglacial belts
of high mountain areas. The changes are made strikingly ev-
ident by, for example, the retreat of Alpine glaciers (Paul et
al., 2004; Zemp et al., 2006). Less immediately visible but
also very significant are changes in Alpine permafrost. Dur-
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ing the past century, it has warmed by about 0.5 to 0.8◦C
in the upper tens of meters (Harris and Haeberli, 2003; Har-
ris et al., 2003). Since the Little Ice Age maximum (about
1850), the lower permafrost limit is estimated to have risen
vertically by about 1 m/year (Frauenfelder, 2005).
Steep high-mountain rock walls, which are often charac-
terised by hanging glaciers and firn fields covering extensive
parts of the flank as well as widespread permafrost occur-
rence, are also strongly influenced by these changes. The
slope stability of such flanks is influenced by a number of
factors. The temperature and stress fields in rock and ice
as well as the hydrological regime, however, have a signifi-
cant influence (Davies et al., 2001). Changes in surface and
subsurface ice might change these factors strongly and, espe-
cially in combination with unfavourable geological factors –
discontinuities and lithology – slope instabilities can develop
and cause enhanced mass movement activities such as rock
fall, debris flows and ice avalanches (Haeberli et al., 1997;
Ballantyne, 2002). However, interactions and processes are
extremely complex and some major aspects of such slope
instabilities are still understudied or even unknown. Es-
pecially the interactions between glacier and permafrost in
steep flanks and their interaction with other factors are poorly
understood.
The shrinkage of hanging glaciers in steep rock walls may
uncover large areas of bedrock and leads to changed temper-
ature and stress fields in the rock to great depths (Wegmann
et al., 1998; Haeberli et al., 1999; Ka¨a¨b, 2005). Additionally,
the formerly ice covered rock is unprotected from mechani-
cal and thermal erosion. The penetration of the freezing front
into previously thawed or unfrozen material has the potential
to intensify rock destruction through ice formation in cracks
and fissures (Hallet et al., 1991; Haeberli et al., 1997; Mat-
suoka et al., 1998; Kneisel, 2003). Such ice formation, in
turn, reduces the near-surface permeability of the rock walls
involved and may cause increased hydraulic pressures inside
the non-frozen fissured rock sections.
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Fig. 1. Monte Rosa east face and Belvedere glacier, seen from Monte Moro. The arrows indicate the main active mass movement zones in
the rock wall; rock fall areas are signed in brown, debris flow channels in green and ice avalanche areas in blue. The numbers replace the site
names described in Sect. 2.
Permafrost degradation and a rise of the sub-surface ice
temperature have – especially in sections of relatively warm
permafrost occurrence – a strong influence on the stability of
steep rock walls (Wegmann et al., 1998; Davies et al., 2001;
Noetzli et al., 2003). Extensive parts of currently perennially
frozen rock walls will most probably warm up to depths of
many decametres, thereby reaching temperatures of around
0◦C, which are known to be especially critical for stability
because of the simultaneous occurrence of ice and water in
cracks and fissures. Davies et al. (2001) showed on the basis
of direct shear box tests, that a rise in temperature might lead
to a reduction in the shear strength of ice-bonded discontinu-
ities and reduce the factor of safety of a rock wall. Warming
permafrost is, therefore, likely to lead to increasing scale and
frequency of slope failures.
The Monte Rosa east face is an actual example for such
changes and developments in a high alpine flank. During
the last two decades, the ice cover has strongly changed
and the mass movement activity has apparently increased.
Scope of this study was in a first step to analyse and il-
lustrate the actual geological and glaciological conditions
in the Monte Rosa east face and their developments in the
last century. Therefore, three different factors – geology,
glaciation and permafrost – were investigated in a multidis-
ciplinary approach using airborne photogrammetry, oblique
photos, topographic maps, visual observations, field mapping
and modelling. Second purpose was to analyse the linkages
and spatial relationships between those three factors, on one
hand, and the observed increasing slope instabilities in the
Monte Rosa east face, on the other hand. To assess and eval-
uate the influence of the different examined factors, they are
visually analysed and compared. Investigation techniques
are well established ones, but the most important contribu-
tion of this study is the combined analysis of the above men-
tioned factors. Many papers, in fact, deal with rock wall sta-
bility, but not specifically for high altitude, glacierized rock
walls, as this study does.
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2 Study site and observed mass movement activity
2.1 Monte Rosa east face
The Monte Rosa east face (Fig. 1) is one of the highest steep
ﬂanks in the Alps (2200–4500 m a.s.l.), situated in the up-
per Valle Anzasca above the village Macugnaga, northern
Italy (Fig. 2). With the Dufourspitze, Nordend, Zumstein-
spitze and Signalkuppe, multiple peaks of over 4500 m a.s.l.
are located at the top of the rock wall. Large parts of the
Monte Rosa east face are covered by steep hanging glaciers
and ﬁrn ﬁelds. Since the end of the last maximum glacier
extent (Little Ice Age, about 1850), the hanging glaciers and
ﬁrn ﬁelds have retreated slightly (Mazza, 2000). During re-
cent decades, however, the ice cover of the Monte Rosa east
face experienced an accelerated and drastic loss in extent and
thickness (Haeberli et al., 2002; Ka¨a¨b et al., 2004; Fischer,
2004). Also the permafrost distribution, even though not di-
rectly visible, is believed to have experienced changes in ex-
tent and ground-temperatures, as in large parts of the Euro-
pean Alps (Harris et al., 2003).
2.2 Belvedere glacier
The Belvedere glacier is located at the foot of the Monte Rosa
east face. It is a humid-temperate, heavily debris-covered
glacier fed by hanging glaciers, ice and snow avalanches as
well as rock falls from the Monte Rosa east face (Mazza,
2000). Between summer 2000 and summer 2001, the
Belvedere glacier started a surge-type movement with ice ve-
locities increasing by one order of magnitude and showed in
parts a strongly uplifted glacier surface by 10 to 25 m (Ka¨a¨b
et al., 2004). At the foot of the Monte Rosa east face, how-
ever, a large depression developed on the Belvedere glacier
and the glacier surface was lowered by 15 to 35 m. Possi-
bly as a consequence of enhanced englacial water pressure
or other processes related to the surge-type movement, the
supraglacial lake Efﬁmero formed in this depression on the
glacier in September 2001 and in the following two sum-
mers with a maximum volume of 3× 106 m3 (Haeberli et al.,
2002; Ka¨a¨b et al., 2004; Tamburini and Mortara, 2005). The
continuously grown topographic depression at the location
of the former lake represents a retention basin for small-to-
medium rock and ice avalanche events. However, in the case
of a water-ﬁlled supraglacial lake, a medium mass movement
event from the Monte Rosa east face reaching the lake could
trigger disastrous chain reactions such as ﬂood or debris ﬂow.
2.3 Mass movement activity
Mass movement processes have taken place all times because
of the height and steepness of the Monte Rosa east face. Over
the recent two decades, however, the mass movement ac-
tivity in the Monte Rosa east face has drastically increased
and new detachment zones of rock falls, debris ﬂows and ice
avalanches have developed. The analysis of the mass move-
Fig. 2. Sketch map of the investigated area.
ment activity is based on observations during ﬁeldwork in
summer 2003 and summer 2004, reports of local people as
well as analyses of photos since 1885 and air photos since
1956. It reveals that before about 1985 debris fans hardly ex-
isted on the glacier in the lower part of the Monte Rosa east
face. Since 1990, pronounced debris fans can be observed.
The main mass movement processes in the face are rock
falls, debris ﬂows and ice avalanches (Fig. 1), as observed
during ﬁeldwork. The detachment zones of rock fall are sit-
uated in the very steep rock walls above 3500 m a.s.l. and
are distributed over the whole Monte Rosa east face. The
most active zone of rock falls is from the Parete Innominata
(Fig. 1, no. 1) to the hanging glacier below and in the upper
part of Channel Imseng (no. 5). In the zones below Ja¨gerjoch
(no. 2) and Ja¨gerhorn (no. 3) and on the Signalkuppe east
face (no. 4) occasional rock fall can be observed. The de-
bris deposits are mostly accumulated in the channels and on
the hanging glaciers in the face, no observed rock fall events
have reached the foot of the rock wall.
During spring, summer and autumn, rock fall events,
which are strongly varying in size and reach, occur repeat-
edly. During ﬁeldwork in the extraordinary hot summer
2003, rock fall events from different detachment zones could
be observed almost every day. Even during the winter the
gravitational mass movements – though reduced – take place.
This indicates in some places a strongly reduced stability
in the bedrock and shows that rock fall activity is not only
affected by thawing and melting water during summertime,
but rather by changed glacier, permafrost and bedrock con-
ditions.
The debris ﬂows mostly occur in the channels Imseng and
Marinelli (Fig. 1, no. 5 and 6), occasionally also in the chan-
nel Zapparoli (no. 7). This mass movement process forms
from debris deposits in the channel, which are accumulated
because of the rock fall activities and physical weathering
of the bedrock. The debris ﬂows are a mixture of rock
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Fig. 3. Transition zone and deposit area of the ice/rock avalanche in
August 2005. The reach of the solid part of the avalanche (rock and
ice) is marked in red; the reach of the powder avalanche is marked
in yellow. No. 1 indicates the location of the hut Zamboni, no. 2
points to the location of the Lake Efﬁmero, which is not visible on
this aerial photograph from 1999.
and water, some are additionally mixed with considerable
amounts of ice. They occur particularly during summertime
when a lot of melting water is available in the Monte Rosa
east face. During summer of 2003 – the extraordinary hot
summer – almost daily activity was observed.
In steep high-mountain areas, relatively small and frequent
ice avalanches often correspond to the natural ablation of
steep hanging glaciers (Alean, 1985; Margreth and Funk,
1999), as seen on the Monte Rosa east face (Fig. 1, Ghi-
acciaio del Signal, no. 8; Ghiacciaio del Monte Rosa, no. 9).
However, some large-scale events have occurred recently, es-
pecially in the area of channel Imseng (Fig. 1, no. 5). Be-
tween 1999 and 2001, about 350 m in length of this hang-
ing glacier disappeared, most likely as a result of several
ice avalanche events. A major ice avalanche, whose break-
off volume was estimated to be of the order of 1.1× 106 m3
(A. Tamburini, personal communication), occurred in Au-
gust 2005 in the same area. The avalanche volume increased
furthermore along its path by eroding underlying debris and
ice. The main part of the material was deposited on the
glacier Belvedere, particularly in the – fortunately almost
empty – depression of the former lake Efﬁmero (Fig. 3,
red marking). The powder-part of the avalanche includ-
ing ice and debris fragments, however, overtopped the lat-
eral moraine of the Belvedere glacier and covered the plain
around the hut Zamboni (Fig. 3, yellow marking). Fortu-
nately, this ice avalanche occurred at night when nobody
stayed at the frequently visited plain around the Rifugio.
During the day, with a lot of tourists upwards to the plain
and moraine, a number of injured persons or even casualties
could have been possible.
3 Methods
Three different predisposing factors were studied in a mul-
tidisciplinary approach in order to assess their inﬂuence on
the slope stability of the Monte Rosa east face: (i) geology,
(ii) permafrost distribution and (iii) changes in glaciation. In
a ﬁrst step, the three factors were analysed separately to as-
sess the recent changes and contemporary conditions. The
results of this step are discussed in Sect. 4. In a second step,
the results from the ﬁrst analyses were compiled for a com-
parison with the current detachment zones of the ongoing
mass movements. These analyses have been done visually
by comparing the three analysed factors with the positions
of the actual detachment zones. The detachment zones are
indicated in each ﬁgure of the three investigated factors and
therefore a direct comparison can be done. The ﬁndings of
this second step are discussed in Sect. 5.
3.1 Detachment zones
The detachment zones were detected and analysed based on
the combination of daily visual observations during ﬁeld-
work, photogrammetry and oblique photos. The ﬁeldwork
has taken place in summer 2003 and summer 2004, therefore
the investigated detachment zones are the actual ones of these
years. Detachment zones, transfer channels and frequency of
the gravitational mass movement processes were observed
and recorded during ﬁeldwork (cf. Sect. 2 and Fig. 1). Due
to the uncertainties from remote mapping and the multiple
events at rather the same zone, detachment zones are only
marked with a dot or circle. For the comparison with the
geology, the detachment zones are classiﬁed in two groups,
those from ice avalanche and those from rock falls/debris
ﬂows. The detachment zones of rock falls and debris ﬂows
are combined due to the fact that most debris ﬂows are
closely connected to the rock fall zones because of the avail-
able debris.
3.2 Geology
Geology is a fundamental parameter for slope stability.
Therefore, the geological setting of the Monte Rosa east face
was investigated during ﬁeld work and a geological map was
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Fig. 4. Glacier extents on the Monte Rosa east face in September 1983 (left, W. Haeberli) and August 2003 (right, L. Fischer). Marking 1
indicates the Parete Innominata and the upper part of the Imseng channel, 2 indicates the Marinelli channel, zones with the most striking
changes in glacier extent and also the highest mass movement activity.
compiled. Due to inaccessibility of most parts of the Monte
Rosa east face it was mostly mapped remotely from the op-
posite slope. As a basis for the mapping the topographic
maps Zermatt (Swisstopo, sheet no. 1348) and Monte Moro
(Swisstopo, sheet no. 1349) were used. Furthermore, the Ge-
ological Atlas of Switzerland (Schweizerische Geologische
Kommission), scale 1:25 000, and the study of Bearth (1952)
were used for the classification of the lithology. For further
investigations the geological field map was digitised in the
GIS (Geographic Information System).
3.3 Permafrost distribution
To assess the permafrost distribution in the Monte Rosa east
face and its possible linkage to the slope stability prob-
lems, two different models were applied aiming at estimat-
ing the lower boundary of the permafrost occurrence. This
area is characterized by warm permafrost with temperatures
marginally below 0◦C and liquid water content thus presum-
ably present and therefore is the most sensitive zone to per-
mafrost degradation.
In a first approach the model PERMAKART (Keller,
1992) was applied. PERMAKART is based on the so-called
“rules of thumb” to predict permafrost occurrences as devel-
oped earlier for the eastern Swiss Alps by Haeberli (1975).
Based on an input DEM, PERMAKART primarily consid-
ers radiation effects as related to aspect, air temperature as
related to altitude and snow cover as related to slope foot ar-
eas (long lasting snow cover caused by avalanche deposits).
As these empirical rules are deduced and calibrated for the
Upper Engadine in the Eastern Swiss Alps, they are first fit-
ted to the Monte Rosa region using the 0◦C-isotherm altitude
and temperature gradient from the meteo station of Plateau
Rosa/Testa Grigia at 3488 m a.s.l. (Mercalli et al., 2003).
Based on a MAAT of −5.8◦C of the Plateau Rosa station
and lapse rate of 0.57◦C/100 m (Mercalli et al., 2003), a 0◦C
isotherm altitude of 2470 m a.s.l. results. The calculations
were based on a 25 m gridded DEM (DHM25 Level 2, Swis-
stopo) with a vertical accuracy of 4–6 m. However, due to
the extreme topography in the Monte Rosa east face and its
marginal position on the Swiss boundary larger errors of ver-
tical elevations exist.
A second model is deduced from rock temperature calcu-
lations by Gruber et al. (2004) and called ROCKFROST in
this paper. On the basis of meteo data, energy fluxes were
modelled and eventually the spatial distribution of mean an-
nual rock surface temperatures was calculated for climate
conditions in the central (Corvatsch, Engadine) and north-
ern Alps (Jungfraujoch, Bernese Alps) for a time period of
1982–2002. On a long-term basis the mean elevation of the
0◦C-isotherm of the ground surface temperature corresponds
to the lower limit of permafrost distribution in steep rock. By
approximating the relation between the elevation of the 0◦C-
isotherm and aspect with a polynomial function for different
slope values, the permafrost occurrence in steep rock can be
assessed within a GIS. For these calculations the same DEM
was used as in the first approach. Grid cells with a minimum
slope of 45◦ were considered as steep rock.
3.4 Glacier extent
In order to reconstruct changes in glacier extents on the
Monte Rosa east face, oblique photos (e.g. Figs. 4 and 5), his-
toric maps and orthorectified air-photos were analysed. The
glacier extents for different years were reconstructed by two
approaches using different data sets. Both approaches were
conducted by digitising glacier contours for different years
since the early 20th century.
In a first approach, glacier extents were reconstructed on
the basis of field observations in summer 2003, various old
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Fig. 5. Comparison of the glacier extent in the upper part of the Monte Rosa east face between June 1986 (left, H. Ro¨thlisberger) and July
2002 (right, W. Haeberli). The white square indicates Parete Innominata, where a whole hanging glacier disappeared uncovering this steep
rock wall.
Fig. 6. Detachment zones of rock fall/debris flow events and ice avalanches in the Monte Rosa east face. The locations are marked by green
and blue dots. Furthermore, the geology of the Monte Rosa is shown, orthogneiss in red and paragneiss in orange colour. Numbering is
corresponding to Fig. 1. Topographic map is reproduced by permission of Swisstopo (BA067953).
oblique photos since 1885 and a historical topographic map.
The procedure is mainly based on the visual comparison of
different photos. The Italian topographic map dated from
1924 was georeferenced thus allowing glacier outlines to be
digitised. The delineation of glacier extent in 1982 and 1999
was exclusively based on oblique photos. These photos were
examined visually and the outlines were estimated manually
in the GIS based on the digital topographic maps “Zermatt”
and “Monte Moro”. The glacier extent of 2003 was mapped
during the field work and from oblique photos. An overlay
of the different years shows the resulting glacier extents and
corresponding retreat through time.
In a second approach, air-photos (taken by the Swisstopo)
of the years 1956, 1977, 1988, 1999 and 2001 were orthorec-
tified with the program PCI OrthoEngine on the basis of the
DHM25 Level 2 from Swisstopo and map-derived ground
control points. The identification of ground control points in
the air-photos for the orthorectification turned out to be dif-
ficult due to the steepness of the Monte Rosa east face and
consequent strong distortions of the air-photos. Due to some
larger errors in vertical elevations in the DEM some horizon-
tal inaccuracies occur in the orthophotos. However, this can
be accounted for while delineating the outlines of the glaciers
manually in the GIS.
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Fig. 7. Permafrost distribution based on the PERMAKART model with indicated active detachment zones, numbering is corresponding to
Fig. 1. DHM25 © swisstopo (BA067953).
Fig. 8. Permafrost distribution based on the ROCKFROST model with indicated active detachment zones. DHM25 © swisstopo (BA067953).
4 Results
4.1 Geology
The geology of the Monte Rosa east face is characterized
by layers of two different lithologies: orthogneiss and parag-
neiss (Bearth, 1952; Fischer, 2004). The two lithologies stem
from the cristallyne of the penninic Monte Rosa nap. Ortho-
and paragneiss can be well distinguished in the field based
on the containing minerals, structures and their colour.
The composition of orthogneiss varies considerably
throughout the Monte Rosa east face but the predominant
constituent minerals are always quartz, kalifeldspar, plagio-
clase, muscovite and biotite. The structure of the orthogneiss
varies from bulky to parallel texture. Paragneiss contains ei-
ther biotite or muscovite as a main part, often combined as
well and garnet, quartz and feldspar as a minor part. The
paragneiss shows a pronounced parallel texture (schistosity)
with varying formation from schist to gneiss. The geologi-
cal setting of the Monte Rosa is strongly alternating between
the two lithologies (Fig. 6). In most parts of the rock wall,
the lithological stratification is clearly visible. Hence, many
transition zones between the two lithologies occur.
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Fig. 9. Reconstruction of glacier extent derived from oblique photos and a historic map from 1924. The active detachment zones are indicated
in red. Topographic map is reproduced by permission of Swisstopo (BA067953).
Fig. 10. Reconstruction of the glacier extent derived from orthorectified airphotos. The active detachment zones are indicated in red.
Topographic map is reproduced by permission of Swisstopo (BA067953).
4.2 Permafrost distribution
Applying PERMAKART, the lower boundary of the possi-
ble permafrost occurrence (where locally permafrost may oc-
cur) is modelled at an altitude of 2700–2800 m a.s.l. (Fig. 7).
The lower limit of probable permafrost (where continu-
ous permafrost is supposed) is located between 2900 and
3200 m a.s.l., depending on the exposition and inclination
of the rock wall. Since the model is based on rules of
thumbs deduced in rather gentle as well as debris- and snow-
covered slopes the PERMAKART model tends to overesti-
mate the permafrost distribution in steep rock and, hence, can
be consulted for an indication of the maximum permafrost
occurence in the Monte Rosa east face.
Based on the ROCKFROST calculations, the lower bound-
ary of the permafrost distribution is estimated to be between
3000–3300 (Jungfrau) and 3200–3500 m a.s.l. (Corvatsch)
depending on the exposition and inclination of the rock wall
(Fig. 8). The two classes Jungfrau and Corvatsch correspond
to inner and slightly colder northern Alpine climate condi-
tions, respectively. For the lower limit of permafrost occur-
rence, the model results for northern Alpine conditions are
regarded to be the more likely for near-vertical snow-free ar-
eas of such steep rock walls like the Monte Rosa east face.
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However, the ROCKFROST model might slightly underes-
timate the permafrost distribution, since shadowing effects
and potential local small snow deposits lower ground tem-
peratures but are not taken into account. According to the
calculations by Gruber et al. (2004) the uncertainties of this
approach are in the range of ±2◦C, which corresponds to
roughly ±200 m vertically.
Together, the models indicate the sensitive areas around
the lower boundary of the permafrost occurrence that can be
localised between about 3100–3600 m a.s.l. This large range
is mainly due to the different aspects found on the flank.
4.3 Glacier extent
The reconstruction of the glacier retreat based on the first
approach is shown in Fig. 9. This map shows the continuous
retreat of hanging glaciers and firn fields since the end of the
Little Ice Age. Unlike the strong retreat of many valley-type
glaciers since about 1850, the changes of the steep glaciers in
the Monte Rosa east face were not very distinctive from this
time until the 1980s. However, during the last few decades an
accelerated loss in extent of the ice cover becomes evident.
Some glaciers (or parts of glaciers) disappeared within only
a few years and they seem to decay through mass wasting.
The analysis based on field observations, various old oblique
photos and a historic map represents a qualitative analysis
and the result provides a good overview of the changes in
glaciation since the last glacier maximum (Little Ice Age).
Another advantage of this approach is the existence of maps
and oblique photos since the end of the 19th century.
The results of the second approach are shown in Fig. 10
and reveal a slight but progressive deglaciation in the Monte
Rosa east face since 1956 and in some parts of the face a
drastic loss of the ice-covered area in the last 10–15 years.
The analysis of the orthophotos also reveals an occasional
increase in the extent of certain firn fields and some hanging
glaciers. This approach demonstrates that airborne remote
sensing and analyses of orthophotos offer efficient methods
for glacier mapping even on steep flanks. The mapping based
on orthophotos is more detailed than that with oblique pho-
tos. However, due to the higher degree of details the general
picture of change decreases in places. Another disadvantage
is the lack of air-photos before 1956.
Together, the two methods give an overview over the
glacier retreat and reveal the areas with the most pronounced
changes in glaciation. In Canalone Marinelli the ice-covered
area has decreased drastically since about 1995. The most
striking changes took place in the hot summer of 2003 when
the entire channel became almost ice-free. In Canalone Im-
seng a large part of the glacier tongue disappeared between
1999 and 2001 leaving a zone of instable rock. In the same
zone, the ice avalanche in August 2005 with a break-off vol-
ume of more than 1×106 m3 occurred. The ice cover of the
Parete Innominata, currently the most active rock fall zone,
has retreated stronly since 1990 and the present active de-
tachment zone has become ice-free since around 2000.
5 Discussion
In this section, the analyses of relationships between the de-
velopment of slope instabilities, on one hand, and geology,
glacier retreat and permafrost degradation, on the other hand,
are presented and discussed. Figure 6 shows the geological
setting in the Monte Rosa east face and the positions of the
actual detachment zones. It reveals that all detachment zones
of rock falls and debris flows (green dots) are situated in the
upper part of the rock wall, between 3400 to 4100 m a.s.l. In
addition, a concentration of detachment zones at transition
zones between orthogneiss and paragneiss becomes apparent
(Fig. 6, detachment zones no. 1–5 and 7, see also Table 1).
This indicates that the transition zones between orthogneiss
and paragneiss could favour or cause instabilities because of
the different geotechnical properties of the two lithologies.
The detachment zones of ice avalanches are also situated in
the upper part of the flank, but most of them cannot directly
be related to the geological setting. In some zones, though,
where ice avalanches are influenced by rock fall and debris
flows, lithological transition zones may have an indirect im-
pact on the glaciers.
The comparison of changes in glacier extent with current
detachment zones shows that many rock fall and most de-
bris flow events originate in recently deglaciated parts of the
Monte Rosa east face (Figs. 9 and 10, Table 1). Today, Parete
Innominata (1), channel Imseng (5) and channel Marinelli
(6) represent the most active zones of both, glacial changes
and mass movement activity. An important observation is
the spatial shifting of the active detachment zones with de-
creasing glacier extent. Around 1990, the channel Zapparoli
(7) was the only active detachment zone. At that time, the
hanging glacier above the channel Zapparoli decreased dras-
tically in extent and induced enhanced mass movement ac-
tivity. Today, this zone is not very active anymore. This ob-
servation points out that changes in glacier extent might af-
fect slope stability significantly due to drastic changes in sur-
face and also subsurface conditions in the deglaciated areas.
The major ice avalanches observed during recent decades oc-
curred particularly in zones with significant glacial changes,
the Parete Innominata (1) and channel Imseng (5). The Ghi-
acciaio del Signal (8), however, is hardly affected by changes
in glacier extent. These ice avalanches occur as natural ab-
lation due to the cliff position of this glacier. This shows
that the reactions of hanging glaciers on a rise in atmospheric
temperature are varying considerably.
Furthermore, modelling analyses suggest a probable link-
age between permafrost degradation and the formation of de-
tachment zones (Figs. 7 and 8). These figures reveal that
many detachment zones of the present rock fall and de-
bris flow events (2–7) and also some starting zones of ice
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Table 1. Compilation of the active detachment zones of the summer 2003. This compilation reveals the influence of the three investigated
factors geology, glacier retreat and permafrost on slope stability. For each active detachment zone the possible influencing factors are marked
with ×.
Detachment zone Geology
(close to a transition
zone)
Glacier
(areas with glacier
retreat)
Permafrost
(most probably warm
permafrost)
Parete Innominata, upper part (1)
R
oc
k
fa
ll
× ×
Parete Innominata, lower part (1) × ×
Ja¨gerjoch (2) × ×
Ja¨gerhorn (3) × ×
Signalkuppe east face, upper part (4) ×
Signalkuppe east face, lower part (4) × × ×
Channel Imseng (5) × × ×
Channel Marinelli (6)
D
eb
ris
flo
w
s
× ×
Channel Imseng (5) × × ×
Channel Zapparoli (7) × × ×
Ghiacciaio del Signal (8)
Ic
e
av
al
an
ch
eGhiacciaio del Monte Rosa (9) ×
Channel Zapparoli (7) × × ×
Channel Imseng, upper part (5) × ×
Channel Imseng, lower part (5) × ×
Signalkuppe hanging glacier (10) ×
avalanches (5, 7, and 9) are situated in areas of most prob-
ably warm permafrost at the lower boundary of permafrost
occurrence (Table 1). This fact confirms the assumption, that
instabilities may be formed in part due to increased tempera-
tures in warm permafrost occurrence, which in turn may lead
to decreased shear strength in the rock wall and enhanced wa-
ter pressure. However, some of the detachment zones of rock
fall are situated at higher altitudes where occurrence of cold
permafrost is predicted. This suggests that not all rock fall
events are directly connected to changes in ground-thermal
conditions. A rise in permafrost temperatures may also lat-
erally influence the thermal regime of hanging glaciers and
have a destabilizing effect on cold hanging glaciers. Rising
temperatures can thereby induce higher ice temperatures and
more percolating melt water at the glacier bed and thus in-
crease the stresses at the front of steep glaciers.
The performed analyses based on the combination of dif-
ferent methods such as airborne photogrammetry (Ka¨a¨b et
al., 2005), oblique ground-based photo comparisons, local
field surveys and modelling in the GIS represent a useful ap-
proach for visually detecting the spatial and temporal rela-
tionship between different factors and processes in steep rock
walls. Each investigated factor and process can be illustrated
as a separate GIS-layer and an overlay of two or more layers
reveals spatial as well as temporal linkages between investi-
gated processes and their influence on the formation of new
detachment zones. The visual processing and presentation of
different processes and factors in the Monte Rosa east face
with GIS-techniques provides a basis for direct comparisons.
6 Conclusion and perspectives
In the following the most important results of this study are
summarised (see also Table 1):
– During recent decades, the ice cover of the Monte Rosa
east face experienced an accelerated and drastic loss in
extent.
– Enhanced mass movement activity was observed since
about 1990 and new detachment zones were developed.
– Most of the detachment zones on the Monte Rosa east
face are located in areas where surface ice has recently
disappeared.
– Many detachment zones are located at the altitude of
the lower boundary of the estimated permafrost distribu-
tion, where presumably warm and degrading permafrost
exists.
– Many detachment zones are situated in transition zones
between orthogneiss and paragneiss.
– The formation of detachment zones mostly seems to be
caused by a combination of different factors.
The presence of lithological transitions zones seems to be
a crucial factor for the development of instabilities in rock.
However, also glacier retreat and permafrost degradation as a
consequence of atmospheric warming have significant conse-
quences on slope stability. The magnitude of observed rock
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fall events during recent decades was rather small but they
occurred frequently. These events could have happened as
a consequence of permafrost thawing at the lower bound-
ary of the permafrost distribution as well as the thawing of
the near-surface permafrost layers in other parts of the rock
wall. Changes in permafrost temperature into greater depths
caused by long-term temperature changes could also cause
large-size rock fall events.
In many unstable areas, a combination of the three main
mass movement processes – rock falls, debris flows and ice
avalanches – can be observed. Detachment zones of debris
flows are mostly connected to the zones of rock fall due to
the available debris. Ice avalanches occur on one hand due
to the natural ablation of hanging glaciers, on the other hand
however, some of them seem to be strongly related to insta-
bilities in bedrock. In some parts of the Monte Rosa east face,
e.g. channel Imseng, ice avalanche activity is influenced by
rock falls and debris flows. Thus, an indirect influence of
geology and permafrost on ice avalanche activity can be as-
sumed. The compilation in Table 1 reveals that almost all
observed detachment zones of rock fall, debris flows and ice
avalanches in the Monte Rosa east face seem to be influenced
by at least one of the investigated factors, but mostly by two
or all of them. This indicates the importance of the combina-
tion and interaction of different processes and factors affect-
ing the stability of steep slopes and the formation of detach-
ment zones.
However, the three investigated factors represent still just a
subset out of a complex net of different factors, processes and
feedback mechanisms in a steep rock wall. For further anal-
yses and mainly for the prediction of hazardous zones, more
factors and processes – such as geological, geomechanical,
geomorphologic, topographic, glaciological and climatic fac-
tors – have to be investigated and their influence on rock wall
stability has to be assessed. A particularly important aspect
is the geomechanical setting. Discontinuities such as layer-
ing, schistosity and rock joints are crucial predisposing fac-
tors for slope stability in steep rock walls, especially for the
size and potential failure mode of rock falls (e.g. Abramson
et al., 2001). Hence, further investigations should be directed
to geomechanical aspects and the dependence on changes in
surface and subsurface ice.
Due to the ongoing or even enhanced changes in surface
and subsurface ice related to the atmospheric warming,
large magnitude events in rock and ice cannot be ruled out
in the Monte Rosa east face, as indicated with the large
ice avalanche in August 2005. Chain-reactions of mass
movement processes have also to be taken into account for
further investigations. In case of a major supraglacial lake
on the Belvedere glacier at the foot of the rock wall, as
in summer 2002 and 2003, large mass movement events
from the Monte Rosa east face could trigger disastrous
chain reactions such as floods or debris flows, which could
endanger populated areas.
Edited by: G. Wieczorek
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Abstract 
Permafrost characteristics, periglacial/glacial process dynamics and the stability of steep rock walls 
in cold mountain regions are strongly affected by atmospheric warming. Appropriate documenta-
tion of the changes involved requires high-precision long-term monitoring. This paper describes a 
remote-sensing-based approach using digital terrain models (DTMs) from high-precision digital 
aerial photogrammetry and airborne LiDAR. The resulting time series of high-resolution DTMs 
with a 2 m resolution represents a unique new way of documenting and quantitatively assessing 
topographic changes and slope instabilities in steep periglacial terrain, enabling detailed investiga-
tions over past time periods and allowing for prospective monitoring of hazardous situations in 
inaccessible areas.  
This study was conducted at one of the highest periglacial rock walls in the European Alps, the 
partially glacierized east face of Monte Rosa. Since about 1990, strongly increased rock and ice 
avalanche activity in this permafrost-affected rock wall has been causing massive topographic 
changes. The DTM comparisons performed provide an exceptional quantitative assessment of these 
topographic changes over the past 50 years, precisely locate the detachment zones of slope failures 
and reveal a total volume loss of more than 20×106 m3 of glacier ice and bedrock and indicate a 
strong stability coupling between permafrost-affected bedrock and adjacent hanging glaciers. 
1. Introduction 
Atmospheric warming during the 20th century has caused pronounced effects in the periglacial and 
glacial belts of high-mountain areas (Haeberli and Beniston, 1998; IPCC, 2007). The coexistence 
of permafrost and hanging glaciers in high-mountain areas thereby gives rise to complex thermal 
and hydrological processes (Wegmann et al., 1998; Haeberli et al., 1999; Haeberli, 2005; Fischer et 
al., 2006; Huggel, in press). Changes in the distribution and temperature of surface and subsurface 
ice can have large impacts on the thermal and stress fields in both rock and ice, on geotechnical 
properties, as well as on the groundwater regimes of steep high-mountain faces and therefore 
strongly influence slope stability (Evans and Clague, 1993; Haeberli et al., 1997; Wegmann et al., 
1998; Harris et al., 2001; Davies et al., 2001; Eberhardt et al., 2004). With continued atmospheric 
warming, extended parts of rock walls that are still perennially frozen will most probably warm up 
to depths of tens if not hundreds of meters, thereby reaching temperatures slightly below 0°C, 
which are known to be especially critical for slope stability because of the simultaneous occurrence 
of ice and water in cracks and fissures (Davies et al., 2001; Gruber and Haeberli, 2007). A special 
complication with high-mountain slopes is the existence of cold to polythermal hanging glaciers, 
which introduce deep-seated geothermal anomalies and extremely complex hydrological/hydraulic 
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regimes. Deglaciation, in turn, may enable the penetration of a freezing front into previously non-
frozen bedrock, and near-surface frost-related processes have the potential to intensify the weather-
ing of newly exposed bedrock (Wegmann et al., 1998; Kneisel, 2003).  
Reduced slope stability conditions may result in natural threats and disasters such as rock ava-
lanches, ice avalanches, or combined events (e.g. Evans and Clague, 1994; Ballantyne, 2002; Bot-
tino et al., 2002; Fischer et al., 2006; Gruber and Haeberli, 2007). During recent decades, a number 
of extraordinary and catastrophic rock and ice avalanche events with volumes between 106 and 107 
m3 occurred in periglacial environments, and were thought to be related to changes in permafrost 
and glacierization conditions. These slope failures include the combined rock/ice avalanche at the 
Kolka Glacier, Caucasus, Russia, causing the death of over 100 people in downstream areas (Hae-
berli, 2004; Huggel et al., 2005), the Brenva rock avalanche, killing two persons (Barla et al., 
2000), the Thurwieser rock avalanche (Cola, 2005) and the Monte Rosa ice avalanche (Fischer et 
al., 2006), the latter three in the European Alps, all in partially glacierized areas with permafrost 
occurrence. 
A major obstacle to close examination and better understanding of periglacial high-mountain rock 
walls is their difficult accessibility and the lack of detailed topographic data. Steepness, ice cover, 
difficult terrain and also safety problems hinder direct access. Therefore, remote-sensing-based 
investigations are fundamental to the assessment of changes in glaciation and bedrock, as well as 
slope instabilities (Kääb et al., 2005, Quincey et al., 2005, Fischer and Huggel, 2008, Kääb, 2008). 
DTMs from remotely sensed data represent the basis of most topographic, geomorphic and mor-
phometric analyses and DTM time series are very effective when used to accurately define tempor-
al changes of terrain surfaces elevation (Kääb, 2002; Baldi et al., 2002; Kääb et al., 2005). The 
generation of detailed DTMs for steep high-mountain flanks is complicated by the steepness and 
unfavorable data acquisition geometries, poor image contrasts in glaciated parts and occlusion by 
vertical to overhanging slopes. For tasks requiring ground resolution and accuracy in a meter scale, 
aerial photographs and LiDAR data are the most appropriate data for DTM generation (Baltsavias 
et al., 2001; Buchroithner, 2002). Digital photogrammetry based on digitized hard-copy aerial im-
ages or digital imagery is a particularly important method in view of the existing archives of analo-
gue aerial images, which represent a valuable source of data on long-term topographic changes 
(Baltsavias, 1999; Kääb et al., 2005). Terrestrial and airborne laser scanning, in turn, is a rapidly 
emerging and highly promising tool for acquiring high-resolution topographic information (Baltsa-
vias, 1999; Rabatel et al., 2008; Oppikofer et al., 2008). Some projects have already taken advan-
tage of the coupling of digital photogrammetry and LiDAR for multi-temporal topographic analys-
es of rock walls (Bitelli et al., 2004; Dewitte et al., 2008), as well as for the detection of changes in 
valley glaciers (Baltsavias et al., 2001). The combination of the two techniques for time series of 
topographic data for steep permafrost-affected and glacierized high-mountain rock walls has not 
been applied so far. 
The main objective of this study was to establish a methodology to investigate topographic changes 
in steep periglacial rock walls on a detailed scale. For this purpose, time series of high-resolution 
digital terrain models (DTMs) from high-precision digital aerial photogrammetry and airborne 
LiDAR (Light detection and ranging) were developed. The main focus was on the applicability and 
quality of digital photogrammetry and LiDAR techniques for topographic monitoring tasks in steep 
and complex high-mountain terrain was of central interest. The case study area was the Monte Rosa 
east face, Italian Alps. This is one of the largest high-mountain faces of the European Alps. Based 
on time series of DTMs over the past 50 years, temporal and spatial changes in surface topography 
were evaluated to assess terrain changes quantitatively and to improve process understanding of the 
slope instabilities and glaciation dynamics in a large periglacial rock wall. 
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2. Study site 
The east face of Monte Rosa, Italian Alps, is located at the Swiss-Italian border (45°56’N, 7°53’E, 
Figure 1), and is among the highest and most impressive faces in the European Alps (2200–4600 m 
asl). During recent decades, this area was subject to striking changes in permafrost-affected be-
drock and steep glaciers, resulting in a number of hazardous slope failures that are all very suscept-
ible to chain reactions, especially with the newly formed supraglacial lake, as described in Haeberli 
et al. (2002), Kääb et al. (2004), Tamburini and Mortara (2005) and Fischer et al. (2006). The 
Monte Rosa east face is very steep in the upper half with average slopes between 55-70° on ex-
posed bedrock and 40-50° in glaciated areas, while in the lower part of the rock wall the average 
slope is between 25 and 40°. Surface temperature measurements and modeling have shown that 
large parts of the rock wall are affected by permafrost (Zgraggen, 2005; Fischer et al., 2006). The 
upper part of the face is assumed to be under continuous permafrost conditions, and the horizontal 
grey bar in Figure 1 indicates the approximate lower boundary of permafrost occurrence, where 
presumably discontinuous permafrost dominates. The permafrost distribution is assumed to have 
experienced changes in extent and ground temperature during the 20th century, as in large parts of 
the European Alps (Harris et al., 2003, 2009; Gruber and Haeberli, 2007).  
 
Figure 1. Oblique view on the Monte Rosa east face and the Belvedere glacier from the northeast. The synthesized view 
is computed from an orthophoto of 2005 and a photogrammetric DTM from 2001. The approximate lower limit of the 
permafrost occurrence based on corresponding modeling studies by Fischer et al. (2006) is shown in gray. A: 
Signalkuppe, B: Dufourspitze, C: Parete Innominata, D: Marinelli Channel, E: Imseng Channel, F: Zapparoli Channel, G: 
Monte Rosa Glacier, H: Lake Lago Effimero, I: Alpine hut Zamboni. The extent of Figure 4 is marked by the rectangles 1 
and 2, and that of Figure 5 by rectangle 3. 
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Steep hanging glaciers and firn/ice fields cover large parts of the wall. During recent decades, the 
ice cover has experienced an accelerated and drastic loss in extent and thickness with rates that had 
not been observed before (Haeberli et al., 2002; Kääb et al., 2004; Fischer et al., 2006). Some 
glaciers completely disappeared within a few years, especially in the area of the Parete Innominata 
(Figure 1, C), Marinelli Channel (D) and Imseng Channel (E). 
Since about 1990, striking new slope instabilities developed in permafrost-affected bedrock and 
hanging glaciers (Kääb et al., 2004; Fischer et al., 2006). Frequent small-scale as well as several 
large-scale rock and ice avalanches have been observed. A first major rock avalanche was reported 
in summer 1990 and several large rock and ice avalanche events followed. Most recently, an ice 
avalanche with a volume of more than 1 × 106 m3 occurred in August 2005, and in April 2007, a 
rock avalanche of about 0.2 × 106 m3 detached from the upper-most part of the face, where conti-
nuous permafrost occurrence is expected. The debris from both events was deposited on the Belve-
dere glacier in the depression of former lake Lago Effimero (H). The pressure wave from the 2005 
ice avalanche, containing small ice and rock particles, affected much larger areas on the valley 
floor, however, and extended as far as the Alpine hut Zamboni (I). The volume of this ice avalanche 
is among the greatest documented in the European Alps over the past 100 years (Tufnell, 1984; 
Alean, 1985; http://www.glacierhazards.ch; http://glaciology.ethz.ch/inventar). In view of the ongo-
ing or even enhanced atmospheric warming and the associated changes in a periglacial face, it is 
very likely that such slope failures from bedrock and hanging glaciers will continue to represent a 
critical hazard source for this densely populated and touristic region. 
Additionally, the Belvedere Glacier located at the base of the Monte Rosa east face showed excep-
tional changes. In summer 2001, the Belvedere glacier started a surge-type movement with strongly 
increased surface velocities. The supraglacial lake Lago Effimero (H) developed in a glacier de-
pression at the foot of the Monte Rosa in September 2001 and the two following summers with a 
maximum volume of 3 × 106 m3 (Haeberli et al., 2002; Kääb et al., 2004; Tamburini and Mortara, 
2005). This development posed a significant hazard source, especially with the potential for rock 
and ice avalanches from the Monte Rosa east face into a full lake that could trigger a catastrophic 
lake outburst with a far-reaching range of destruction. Luckily, no rock or ice avalanche event 
reached the lake during its existence and the drainage of the lake occurred, in the end, without a 
hazardous flood event. 
3. Data sets 
For the generation of multi-temporal DTMs of the Monte Rosa east face a combination of different 
optical remote sensing techniques was used for the data acquisition, using airplane- and helicopter-
borne sensors (Table 1). In the following, the data sets are described. 
3.1 LiDAR data 
Two airborne LiDAR data sets are available for the Monte Rosa east face. In September 2005, Li-
DAR data were acquired by the Swissphoto Group over a 650 km2 high-mountain area in the 
southern Valais from an airplane. Technical equipment consisted of an ALTM3100 System from 
Optech that was combined with a Trimble GPS receiver and the inertial measuring system Appla-
nix POS-AV to obtain position and orientation during data acquisition. Acquisition geometry was 
invariably vertical. For the present study a sector of about 6.5 km2 was considered, containing ap-
proximately 18.5 × 106 points (Table 1) with a point spacing of less than 2 m and vertical point 
accuracy better than 0.3 m (Luethy and Stengele, 2005). 
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Table 1. Date and main parameters of available optical data. 
Date Type of data 
Camera/ 
sensor 
type 
Quantity of 
data used 
Focal length 
Flight 
height 
Ground 
resolution 
Point 
density 
Area of 
produced 
DTM 
Sept 1956 Aerial images Wild RC 5  3 images 115.26 mm 5020 m asl 6-23 cm  - 4 km2 
Sept 1988 Aerial images Wild RC 10 4 images 153.37 mm 6100 m asl 11-24 cm  - 25 km2 
Sept 2001 Aerial images Wild RC 10 3 images 153.28 mm 6700 m asl 16-28 cm - 20 km2 
Oct 2005 
LiDAR (airplane-
based) 
Optech 
ALTM3100 
18.5 × 106 
Pts 
- 
not 
available 
- 
2-3 
Pt/m3 
6 km2 
Sept 2007 
LiDAR (helicopter-
based) 
Riegl LMS-
Q240i-60 
4.8 × 106  
Pts  
- 
various 
heights 
- 
1-3 
Pt/m3 
3 km2 
Sept 2007 
Small-scale aerial 
images (oblique) 
Hasselblad 
H1 
300 images 55 mm - 4-8 cm - 3 km2 
In September 2007, both LiDAR data and high-resolution oblique photographs were acquired from 
a helicopter for this study. The Helimap system of the company UW+R SA (Vallet, 2007; Vallet 
and Skaloud, 2004) includes a Riegl LMS-Q240i-60 laser scanner, a digital camera and coupled 
GPS/INS antenna, to obtain position and orientation during data acquisition. It can be installed on 
standard helicopters and is operated manually and so can be tilted to allow acquisition geometry 
almost perpendicular to the rock wall. This is a major advantage in steep terrain and prevents geo-
metric degradation (Skaloud et al., 2005). Data acquisition was done along fourteen horizontal 
flight lines that were arranged parallel to each other at different heights to cover the whole face. 
The point cloud of this LiDAR data consists of 4.8 × 106 points and covers a total area of 3 km2 
with a point density of 1-3 pt/m2 and vertical point accuracy better than 0.2 m (Table 1; Skaloud et 
al., 2005). With laser scanner wavelengths of 1064nm (Optech) and 905nm (Riegl), scanning on 
snow and glacier surfaces is possible, as the reflectivity of such surfaces is high at these wave-
lengths. However, both data sets show some gaps in the point cloud. These occur mainly due to 
occlusion during data acquisition in very steep to overhanging zones, as well as in complex topo-
graphy with strong changes in horizontal and vertical curvature. The airplane-based data set shows 
fewer gaps in the point cloud because of the larger acquisition distance and less short-distance oc-
clusions. 
3.2 Analogue aerial images 
Analogue aerial images from the Monte Rosa east face exist as from around 1950 and have been 
taken repeatedly in time intervals of 5 to 10 years by both the Swiss Federal Office of Topography 
(swisstopo) and the Italian Instituto Geografico Militare (IGM). For this study, the best suitable sets 
of stereoscopic aerial images from 1956, 1988 and 2001 were selected (swisstopo, Table 1). The 
selection criteria aimed at a well-distributed chronological sequence, good image quality with little 
snow coverage and preferably little distortion. The image scales within the individual images vary 
strongly due to the large height differences in the area, and range from 1:6,000 to 1:23,000 (1956), 
from 1:11,000 – 1:24,000 (1988) and 1:16,000 – 1:28,000 (2001). Image scale is calculated with 
the ratio focal length divided by the flight altitude above terrain. The black and white photographs 
were scanned at 10-μm resolution using a Vexcel photogrammetric scanner, resulting in ground 
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resolutions from 6 cm to 28 cm. The quality of the aerial images varies significantly between 1956 
and 2001 (Züblin et al., 2008). The images from 1956 show coarse-grain image quality, while later 
images have better image quality. Large distortions exist due to the vertical acquisition geometry 
and the steepness of the Monte Rosa east face, especially in the steepest upper part of the face. 
Contrast is reduced on snow and ice surfaces and in areas of shadow. 
Additionally, terrestrial amateur photos taken over several decades are available. They were taken 
by various persons with different uncalibrated cameras. Poorly known information about image 
position and cameras make photogrammetric processing for quantitative analyses difficult. There-
fore, these images were used mainly for visual interpretations of surface characteristics in combina-
tion with generated DTMs. 
4. Methods 
4.1 LiDAR data processing 
The raw data processing of the LiDAR data sets was done by Swissphoto for the 2005 data and by 
Helimap System SA for the 2007 data. This processing included the fitting of flight lines, and au-
tomated as well as manual filtering of ground points, outliers and artifacts. More information about 
the data processing is given in Luethy and Stengele (2005), Skaloud et al. (2005) and Vallet (2007). 
The conversion of the processed LiDAR point clouds of 2005 and 2007 into a grid raster was done 
using the SCOP++ (inpho) software that is especially designed for processing a large number of 
points. The automatic LiDAR classification tool uses efficient robust interpolation techniques with 
flexible adaptation to terrain type and terrain coverage. The final DTM grids were generated at a 2 
m resolution to allow direct comparison with the photogrammetric DTMs. However, even higher 
resolutions would be feasible with the given point density and distribution of the point cloud. 
4.2 Analogue aerial image processing 
4.2.1 Image triangulation 
In a first step, the scanned analogue aerial images had to be oriented to recover the exterior parame-
ters of the camera. This was done with Leica Photogrammetry Suite (LPS; Wang et al., 2004). For 
each investigated year an image block was set up, containing three aerial images for 2001 and 1988 
and containing four aerial images for 1956. Camera calibration protocols on the interior orientation 
were available for all aerial images from swisstopo. 
Table 2. The σ0 of the exterior orientation of the three image blocks calculated in LPS and root mean square error 
(RMSE) of the control points. XYZ: Ground coordinates und xy: stereo intersection accuracy of the GCPs in image 
coordinates. 
DTM σ0 (Pixel) Control point RMSE (X in 
m, x in pixel)
2001 0.48 X:  1.3,  Y:  0.6,  Z:  1.5 
x:   0.21,   y:   0.57
1988 0.60 X:  1.9,  Y:  1.3,  Z:  2.5 
x:   0.15,   y:   0.66
1956 0.99 X:  1.6,  Y:  1.5,  Z:  1.7 
x:   0.62,   y:  0.34
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Tie points were measured manually to obtain the relative orientation of the image block. Because 
of the extremely steep terrain and associated strong distortions in the aerial images, automatic tie 
point extraction could barely be applied. The absolute orientation of the image blocks requires ma-
nually measured ground control points (GCP). Because of the lack of survey points on the Monte 
Rosa east face, the coordinates of the GCPs were extracted from a topographic map (swisstopo, 
sheet no. 1348, edition 2003, 1:25,000) and the DHM25, a digital elevation model with 25 m grid 
spacing (DHM25 Level 2, swisstopo). Existing buildings such as alpine huts and pronounced un-
movable surface features were taken as GCPs. LPS uses a one-step bundle adjustment for tie points 
and GCPs. The bundle adjustment yielded at a global accuracy of σ0 = 0.48, 0.6 and 0.99 pixel for 
the different image blocks (Table 2). This corresponds to about 10-20 cm in object space, consider-
ing an averaged image scale. The variation of the σ0 value from 0.48 to 0.99 pixel for 2001 to 1956 
respectively, can be explained by the better image quality for the more recent aerial images. The 
global accuracy of the exterior orientation is very high for all image blocks, with values of 10-20 
cm in object space. 
The root mean square error (RMSE) value of the control points describes the accuracy of the GCPs 
and ranges from 0.6 to 2.5 m in planimetry and height (Table 2, XYZ values). This deviation was 
caused mainly by the imprecise GCP coordinates and the inaccuracy of manual point measure-
ments. However, the stereo intersection accuracy of the GCPs in image coordinates resulted in half 
of a pixel (Table 2, xy values), which showed the high quality of the orientation considering the 
height and steepness of the rock wall. 
4.2.2 DTM generation 
DTM generation from the oriented aerial images was subsequently done in SAT-PP (Satellite im-
age Precision Processing, ETH Zurich). The main component of this software package is an en-
hanced multiple image matching algorithm for the extraction of image correspondences and the 
generation of 3D data. The approach uses a coarse-to-fine hierarchical solution with an effective 
combination of several image matching algorithms and automatic quality control (Zhang, 2005; 
Wolff and Gruen, 2007). The exterior orientation parameters recovered in LPS were imported into 
SAT-PP. Once the pre-processing of the original images (noise reduction, edge enhancement, pro-
duction of image pyramids) was completed, it was possible to begin the extraction and matching of 
feature points, grid points and edges. This image matching produced a large number of points for 
the subsequent DTM generation and attained pixel level accuracy. Least squares matching methods 
were used to achieve more precise matches for all the matched features and for the identification of 
some false matches. Detailed mathematical descriptions of the SAT-PP software package are given 
in Gruen et al. (2005), Zhang (2005), Zhang and Gruen (2006). 
In preparation for the automatic point extraction and matching process of the aerial images in SAT-
PP, seed points had to be measured manually in each stereo pair of the image blocks. Here, a factor 
of ten-times more points than is usually necessary had to be measured manually in flat and ice-free 
areas because of the complex and steep topography as well as the widespread ice coverage. Some 
large vertical errors occurred due to incorrect automatic matching, mainly in steep and shadowy 
areas, and at damaged or polluted points or areas on the diapositives of the aerial images. Im-
provements in these areas were obtained via enhanced manual measurements of seed points as well 
as vertical lines. Point density resulting from the matching process with several points/m2 on aver-
age was as high as, or even higher than, the LiDAR point clouds. Taking into account the ground 
resolution of the aerial images (0.06-0.28 m, Table 1), the final DTM grids were generated at a 
ground resolution of 2 m. 
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4.2.3 Co-registration of DTMs 
A direct comparison of multi-temporal DTMs requires the definition of a common reference sys-
tem to avoid errors due to shifts in the individual DTMs. Due to inaccuracies of the GCPs used in 
planimetry and height of 0.6 to 2.5 m and a minimal number of GCPs within the face, the photo-
grammetrically derived DTMs showed offsets between each other of several meters. To reduce 
such differences, all DTMs had to be transformed into a common reference system. Therefore, the 
LiDAR DTM acquired in 2007 has been taken as reference surface for all other processed DTMs.  
Automatic co-registration of the DTMs on the reference DTM was conducted with LS3D (Least 
Squares 3D Matching; Akca and Gruen, 2007). The LS3D method estimates the transformation 
parameters of one DTM to a reference one, using the Generalized Gauss-Markoff model, minimiz-
ing the sum of squares of the Euclidean distances between the surfaces (Gruen and Akca, 2005). 
This method is a one-step solution for the matching and georeferencing of multiple 3D surfaces 
that are globally matched and simultaneously georeferenced. In a first step, called registration, each 
DTM was transformed onto the 2007 LiDAR-DTM. Only unchanged surfaces were transformed on 
the corresponding surfaces of the reference DTM, errors and also areas with topographic changes 
were excluded. These unchanged surfaces were manually selected in known stable bedrock (five 
zones with a size of at least 1000 m2), equally distributed over the whole face. The transformation 
of individual DTMs to the reference DTM allowed, in addition, assessment of their relative accura-
cy. In a second step, the difference between the entire areas of the transformed DTMs was calcu-
lated. For this DTM comparison, errors as well topographic changes were included in the calcula-
tions (in the following termed ‘comparison’). These comparisons quantitatively revealed topo-
graphic changes that occurred within the investigated periods. 
5. Results 
5.1 Digital terrain models 
5.1.1 LiDAR DTMs 
The DTMs of 2005 and 2007 show a very high level of detail. Figure 2 depicts two representative 
shaded reliefs of LiDAR and photogrammetrically derived DTMs for 2005 and 1988, respectively, 
and for comparison an orthophoto of the corresponding year. The 2005 LiDAR DTM (Figure 2, 
right) shows a very precise reproduction of the topography. Topographic features such as crevasses 
in ice and bedrock structures can be identified clearly. The DTM is smooth on ice- and snow-
covered surfaces, a fact that corresponds with visual observations based on the orthophotos. The 
particularly sound representation of planar segments is clearly a major advantage of the LiDAR 
technique. Edges and linear features, though, are less distinctly reproduced, as the laser beam does 
not always hit these features directly. 
5.1.2 DTMs from analogue aerial images 
The multi-image matching approach in SAT-PP enabled the generation of high-resolution DTMs, 
even in such steep and complex terrain. The photogrammetric DTMs also showed a high level of 
detail (Figure 2). Due to the feature and line extraction during the image matching process in SAT-
PP, linear features in particular were well defined in the DTMs (Figure 2). Topographic structures 
are visible with a high resolution and linear features such as crevasses and edges are well defined. 
However, some drawbacks exist in planar areas, where undulated interference features are visible 
on bright glacier and snow surfaces. The problem in these zones is the low radiometric contrast that 
hinders effective feature, point and edge extraction for the matching process.  
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Figure 2. Comparison of the shaded relief models of the1988 DTM from vertical aerial images (middle left) and the 
LiDAR DTM from 2005 (Swissphoto, middle right; © BSF Swissphoto). The surface characteristics (glacier or bedrock) 
can be seen on the corresponding orthophoto (left, resp. right). Both DTMs show a very high level of detail, where 
different surface characteristics can be well distinguished. Conspicuous on the 1988 DTM is the undulated surface on 
bright glacier surfaces that originate from insufficient radiometric contrast for effective image matching. 
The comparison of the LiDAR DTMs with the photogrammetric DTMs from vertical aerial images 
shows that the processing of aerial images with SAT-PP results in DTMs with comparable quality 
and point density as LiDAR data.  
5.1.3 Relative DTM accuracy 
The transformation of each DTM into the reference coordinate system of the 2007 LiDAR DTM 
allowed relative accuracy estimation through the registration process. For the registration, the σ0 of 
analyzed DTMs from the reference DTM lay between 1 m and 2 m (Table 3). This shows the very 
high relative DTM accuracy after the transformation using areas with no topographic changes with-
in the investigated period.  
The σ0 of the DTM registrations using only unchanged areas can be compared with the σ0 of the 
DTM comparisons including all topographic changes over the entire face. The σ0 of the compari-
sons between the 1988 DTM, the 1956 DTM and the 2007 LiDAR DTM was at 16.3 and 19.4 m, 
clearly larger than the σ0 of corresponding registration. This indicates the large topographic 
changes in the Monte Rosa east face in these time periods. The σ0 of the comparison of the 2001 
and 2005 DTMs with 4.3 and 2.4 m were more consistent with the corresponding registration, a 
finding that can be explained by lower cumulative topographic changes within these two short pe-
riods. 
 
Table 3. The σ0 of the registration and comparison of all DTMs with the 2007 LiDAR DTM. 
DTM σ0 of registration (m) σ0 of comparison (m) 
 2005 1.6  2.4 
2001 1.5 4.3 
1988 1.3 16.3 
1956 1.9 19.4 
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5.1.4 Comparison of e- and z- distance 
Differences between the surfaces of two DTMs were measured using different quantities. In the 
following, two of them are introduced and their usability for steep topography is assessed.The z-
distance is the vertical elevation difference between two DTMs (Figure 3). It is the result of a dif-
ference calculation of the z-values between two DTMs and is usually the standard application in 
the commercial GIS (Geographic Information System). The e-distance (Euclidean distance) is the 
shortest distance between discrete points on two data sets (cf. Figure 3). Here, the e-distance was 
calculated in LS3D, where for each defined discrete point on one DTM the closest located discrete 
point on the other DTM is found and the Euclidean distance calculated, after LS3D minimized the 
square sum of e-distances by iteratively fitting one DTM on the other.  
Figure 4 shows z- and e-distances in areas with significant differences between both quantities 
marked by dashed ellipses. In addition, the slope angles of the corresponding zones are calculated 
from the 2005 LiDAR DTM. The areas with significant differences are located very steep zones, or 
even more pronounced in strongly varying terrain with transition from relatively flat to steep terrain 
and vice versa, as can also be seen in Figure 3. In uniform and relatively flat terrain, the two dis-
tance quantities correspond well. 
In geomorphometric studies, the z-distance is most commonly applied. However, as can be ob-
served in Figures 3 and 4, z-distance measurements are less suitable for quantifying differences in 
steep areas with slope angles higher than ~50°. The actual topographic changes can be overesti-
mated. A severe problem of z-distances is that even very minor horizontal shifts or errors between 
DTMs induce large errors in the DTM difference calculations when the z-distance is used.  
The e-distance measurement is suitable for such strongly varying and steep topography because the 
influence of slope angle on surface difference measurements is minimized and accordingly shifts 
between DTMs have a much smaller influence. Furthermore, changes in strongly varying topogra-
phy can be evaluated more reliably. Within this study, both methods have been applied but in the 
multi-temporal DTM comparison, only the results based on the e-distance are shown due to its 
better suitability for the steep topography of the Monte Rosa east face. 
 
 
Figure 3. Comparison of z- and e-distance measurements in complex and steep topography. The discrete points are the 
original measurement points from LiDAR or aerial-photogrammetric matching of stereo-parallaxes. The e-distance is the 
line between an individual measurement point and its closest neighbour in the other data set. 
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Figure 4. Comparison of DTM subtractions with z- and e-distance measurement. Topographic changes are obtained by 
the subtraction of the 2005 and 2007 LiDAR DTMs, slope angles are calculated from the 2005 LiDAR DTM. The upper 
row shows the DTM comparison in a very steep part of the Monte Rosa east face, where large differences can be seen 
between e- and z-distance (marked with black ellipses). In flatter terrain (lower row), the two measurement methods 
show similar results. 
5.2 Topographic changes from DTM time series 
The photogrammetrically derived DTMs from 1956, 1988 and 2001 and the LiDAR DTM from 
2005 and 2007 were considered for the calculations of topographic changes. Figure 5 shows the 
differences between consecutive DTMs for a selected area of the rock wall (cf. Figure 1), given as 
e-distance. The cumulative topographic changes larger than +-5 m are displayed. By looking at the 
individual time intervals, the chronology of topographic changes and their locations becomes ob-
vious. 
Between 1956 and 1988, very few topographic changes were detected in the bedrock area (Figure 
5a). In snow, firn and ice areas, accumulation as well as ablation was observable in equal measure. 
The e-distance changes with an average of about 10 m and a maximum of 30 m in restricted areas 
within 30 years correspond to normal processes of volume gain and loss of glaciers as well as mod-
erate rockfall activity on such a steep rock wall. This result and additional interpretation of amateur 
photographs from 1895, 1911, 1983 and 1986 showed consistent patterns of glaciation, and only 
minor changes in glacier geometries and thickness can be recognized (Figure 6). The large surface 
differences in the area s1 are deceptive. They are caused by local errors in the 1956 DTM. 
Figure 5b shows totally different patterns. In the time period between 1988 and 2001, major 
changes were evident that appear to be related to mass movement processes. Mass loss of up to 120 
m in e-distance can be observed in the central area of the face (e1-e4; red/orange color). The total 
volume of this mass loss exceeded 20 × 106 m3. This detached mass included both glacier ice and 
also underlying bedrock. A comparison of terrestrial photographs from 1986 and 2002 (Figure 6, 
upper row) confirmed the striking changes in the area of the Parete Innominata, where a whole 
hanging glacier and large parts of bedrock disappeared within a few years and a steep rock wall 
became newly exposed (e1, e2). The temporal resolution of the DTM time series did not allow 
conclusions to be drawn about the chronology of the topographic changes. Additional interpreta-
tions of terrestrial and aerial photographs and in situ observations by locals revealed that the slope 
failures started after 1988 at the location of e1, and subsequently, the hanging glacier and underly-
ing bedrock, marked as e2 in Figure 5, disappeared in a combination of one major and several 
small-scale rock and ice avalanche events. Interaction between rock avalanche events and glacier 
retreat has intensified and accelerated mass loss further upwards in the face. 
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Figure 5. Evolution of the central part of the Monte Rosa east face in the form of e-difference maps with colour coding 
from red (volume loss) to blue (volume gain) observed between a: 1956 and 1988, b: 1988 and 2001, c: 2001 and 2005 
and d: 2005 and 2007. The elevation differences are plotted on the orthophotos of a: 1988, b: 1988, c: 2001 and d: 2005; 
the equidistance of contours is 100 m. Significant mass failure events are marked with e1 to e6, zones with striking 
volume gain are marked with a1 to a4 and special features are marked with s1 to s7; explanations are given in the text. 
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Figure 6. Time series of selected terrestrial photographs of the Monte Rosa east face from 1911 to 2007 from different 
perspectives. The top row shows a detail view of the upper part of the Monte Rosa east face at different times, the middle 
row presents the main part of the face, and the bottom row gives an overview of the entire area. The zones with the most 
significant changes in glaciation and topography are marked in white; for detailed descriptions see text. The photographs 
are from: top row: Sella (1911), H. Röthlisberger (1986), W. Haeberli (2002); middle row: W. Haeberli (1983), Fischer 
(2003 and 2007); bottom row: Sella (1895), Fischer (2004). 
In the Imseng Channel (e3, e4 in Figure 5b), the lowermost part of the glacier detached with a mass 
loss of up to 60 m thickness between 1999 and 2001. Terrestrial photographs and observations of 
locals point to a combination of repeated small-scale and one major ice avalanche events. The mass 
failures started in the lowest part of the glacier (e3) and proceeded progressively upwards. This 
intensive mass movement activity caused the glacier beneath (s2) to be eroded up to 40 m along the 
runout channel. By contrast, in other parts of the face, moderate but large-area ice accumulation 
was observed on glaciers. The lower part of the Monte Rosa glacier in particular showed an in-
crease in ice thickness of 5 to 15 m. 
In the time period from 2001 to 2005, distinct topographic changes are again observable (Figure 
5c). The mass loss in the Imseng Channel (e5) corresponds to one single ice avalanche event with a 
volume of more than 1 × 106 m3 that occurred in August 2005. This ice avalanche occurred directly 
above the area, where major parts of the glacier have detached since 1999 (e3, e4). Below the Pa-
rete Innominata, a small area of mass gain can be observed (a2). This is the accumulation of rock-
fall debris from the newly ice-free rock wall ‘Parete Innominata’ above. Accumulation of debris 
and ice can be observed in the area s3, where erosion took place in the period 1988-2001. This 
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indicates that the intensity and magnitude of the mass movement activity diminished. Local glacier 
ice volume gain can be observed at site a1. Ice accumulated in the area where the main runout 
channel of the mass movements from e1 and e2 was situated before 1999. As this runout channel 
was inactive due to a shift of rock fall detachment zones, ice accumulated here. Within a period of 
five years, an ice ridge of up to 20 m thickness built up. 
In the time period from 2005 to 2007 (Figure 5d) several distinct topographic changes can be ob-
served. Considerable ice volume gain is evident in the Imseng Channel (a4). In the area of the for-
mer detachment zone of the 2005 ice avalanche, ice accumulated to a thickness of up to 20 m with-
in only two years. The detachment zone of the April 2007 rock avalanche (e6; 0.2 × 106 m3) is 
clearly visible. The difference between the LiDAR DTMs from 2005 and 2007 suggests a thickness 
of the detached rock mass of 15-30 m. The mass loss in the area between e6 and a4 was due to 
erosion of ice by the rock avalanche event. Below the rock wall Parete Innominata mass accumula-
tion is visible at a3. This rock wall shows evidence of small-scale rockfall activity since the disap-
pearance of the hanging glacier (e1, e2). 
An interesting displacement pattern of steep glacier ice can be observed in the areas s4-s7. The 
steep glacier below the Dufourspitze shows a complementary pattern of decrease as well as in-
crease of ice thickness. The glacier displacement seems to have accordion-like behavior, with al-
ternating areas of extension and thinning, and areas of compression. Such patterns resulted from 
varying positions of steep and crevassed ice fronts and flatter areas and do not directly imply 
changes in general ice thickness.  
6. Discussion 
6.1 Methods 
This study shows that LiDAR data collection by helicopter and airplane proved to be an invaluable 
source of detailed and accurate topographic information in remote, steep and mountainous terrain. 
High-precision DTM data facilitate detection of topographic changes at meter-scale and reveal 
subtle geomorphic features to an accuracy of 1-3 m. Helicopter-based LiDAR data acquisition is 
especially advantageous for relatively small areas (less than about 5-10 km2) with high altitude 
differences, airplane-based data acquisition is more suitable for larger areas with lower altitude 
differences. However, in such high-mountain environments, several logistic and technical chal-
lenges have to be considered for both methods: complicated acquisition geometry, difficult weather 
conditions such as for example strongly varying wind fields and local clouding, limitations of GPS 
satellite reception and the optimal skills required of the helicopter pilot. 
The comparison of the two LiDAR point clouds reveals that though the acquisition geometry of the 
helicopter-based method perpendicular to the wall seems intuitively better suited, the airplane-
based method has a denser area-wide point distribution with fewer gaps. The point density of the 
airplane-based data set is significantly higher, especially in steep and complex areas. This is due to 
the ten times higher acquisition rate of the laser scanner used on the airplane. The high acquisition 
rate enables faster flight speed and larger distances to the face, reducing the problem of occlusions. 
Optical imagery taken simultaneously with the LiDAR acquisition provides additional information 
that is invaluable for understanding the observed geometry changes. 
For investigations of time periods before the advent of LiDAR technology, aerial images are the 
best available quantitative data source. Aerial images have high spatial resolution and the great 
advantage of more than fifty years of images. However, photogrammetric processing of aerial im-
ages is seriously challenging for such high-mountain rock walls due to the steepness and low levels 
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of contrast in glaciated areas. With the application of a sophisticated photogrammetric processing 
approach, for the first time the generation of a highly accurate multi-temporal series of high-
resolution DTMs could be completed for such a large high-mountain face. The point density of the 
image matching process is similarly to that of the LiDAR data and allows the generation of high-
resolution DTMs with grid size in the order of 2 m. Nevertheless, time-consuming processing and 
local errors in the DTMs have to be taken into account.  
The transformation of individual DTMs to a common reference system using LS3D is a suitable 
method for reducing offsets between DTMs that were introduced by slightly different GPS posi-
tions, for example. The investigations have shown that small offsets result in large DTM differenc-
es, especially in steep areas. In future, a solution to eliminate the offset errors with the photogram-
metric method would be the triangulation of aerial images in multi-temporal image blocks, as used 
for instance for matching terrain displacements (Kääb, 2002). Thus, the aerial images of all years 
could be triangulated in one step with the identical ground control points and multi-temporal tie 
points (Kääb, 2002). In addition, a valuable approach for reducing errors and misinterpretations in 
DTM comparisons is the application of the Euclidean Distance (e-distance). However, DTM sub-
traction also implies that individual DTM errors can be incorporated in the comparison and lead to 
overestimations of topographic changes. Therefore, an examination of the calculated terrain 
changes has to be conducted based on the aerial images and terrestrial photographs. A major advan-
tage of amateur terrestrial photographs is first, their availability and secondly, their temporal reso-
lution compared to aerial images. The different angles of view can also be advantageous. 
Considering all these advantages and disadvantages, three-dimensional reconstruction of the 
ground surface (DTM), derived from airborne photogrammetric surveys and LiDAR data, has 
proven to be a powerful tool to investigate inaccessible areas such as steep periglacial high-
mountain faces at high spatial resolution. The combination of LiDAR and photogrammetric me-
thods is particularly suitable for extending the temporal resolution and time period covered, and 
thus the time span of precise surface topography. Moreover, in future studies the integration of a 
LiDAR system into an autonomous flying UAV would allow a precise data acquisition following a 
predefined flight path. This technique will establish itself, especially in small-scale areas, where the 
access for manned aircraft is impossible or the risk of endangering human life too high. 
6.2 Glacial and periglacial processes 
The analysis of multi-temporal DTMs provides detailed information on topographic changes in the 
Monte Rosa east face and, especially in combination with visual inspection of terrestrial photo-
graphs (cf. Figure 6), enables conclusions to be drawn about processes affecting slope stability in 
such an area. The quantitative analysis of DTMs reveales complex patterns of terrain changes (cf. 
Figures 5 and 6). These diverse geomorphic patterns point to the simultaneous occurrence of dif-
ferent processes in a high-mountain face. The following topographic changes could be distin-
guished and quantitatively assessed:  
- accumulation and ablation of ice over large areas of a glacier; 
- rapid mass loss due to frequent small-scale or single large-scale rock and/or ice avalanche 
events; 
- erosion of debris and/or glacier ice in the runout channel by rock and/or ice avalanche events; 
- accumulation of debris material from gravitational mass movement processes; 
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- rapid ice accumulation and build-up of steep glaciers in eroded areas after mass movement 
processes; 
- accordion-like displacement pattern of steep glaciers with varying positions of ice fronts. 
The most striking observations were the exceptionally large loss of ice and bedrock. The DTM 
comparisons from 1988 to 2007 show how the glacierization of such a steep face, in contrast to 
valley glaciers, can change massively within a few years, remarkable in terms of both volume loss 
and gain. Rapid changes in surface geometry and the size of hanging glaciers are known to be 
comparably independent from climatic conditions, also for other high-mountain faces (Pralong and 
Funk, 2006; Post and Lachapelle, 1971). However, since about 1990 numerous large rock and ice 
avalanche events with a total volume of more than 20·106 m3 have occurred with no documented 
historical precedence of similar magnitude in the European Alps. We suspect that such develop-
ments indicate the massive problems relating to permafrost, steep glaciation and rock-wall stability, 
which are expected to occur also in other steep high-mountain faces under similar conditions as 
those at the Monte Rosa east face. 
The comparison of the slope failure zones (Fig. 5) with the modeled permafrost distribution (Figure 
1) shows that all detachment zones are located in permafrost areas. The glacierization in these areas 
is assumed to consist of mainly of cold ice, however, hanging glaciers often have polythermal pat-
terns with sections of much warmer or even temperate firn and ice (Alean, 1985; Haeberli, 2005). 
Such polythermal pattern may locally influence temperatures in the bedrock down to great depths. 
The small-scale rockfall events occurred in the area of the Imseng Channel, the Parete Innominata 
and elsewhere in the face can be related either to changes within the near-surface active layer of the 
permafrost or to enhanced frost weathering after the deglaciation. The large-volume rock ava-
lanches such as 2007 event, however, cannot be only due to changes in the thermal field. For this 
rock avalanche, the striking and rapid topographic changes in the surrounding area with an enorm-
ous mass loss of over 15 × 106 m3 ice and bedrock in this area may have had significant effects on 
the stability by influencing the topographic and geomechanical conditions of the remaining bedrock 
and thereby inducing changed stress fields in the bedrock. At the same time, the response of steep 
bedrock areas to glacier retreat is strongly conditioned by the geological setting, in particular by the 
geometrical and geotechnical characteristics of discontinuities, as in the 2007 case with an unfavor-
able, surface-parallel setting of the rock discontinuities. 
The DTM comparisons and additional imagery analyses have revealed that the sequence of the 
topographic changes and slope failures is strongly spatially correlated. The slope failures started in 
1990 on a small part of the Parete Innominata with combined rock and ice avalanche activity, pro-
ceeding with a chain reaction of mass wasting processes until the whole Parete Innominata and 
Imseng Channel was ice-free in 2001. Slope instabilities in the permafrost-affected bedrock can 
diminish the stability of hanging glaciers, and unloading effects due to glacier retreat may induce 
changed stress fields in the bedrock. Due to rock or ice avalanches, the terrain may become over-
steepened and the internal stress field is changed. Subsequently, terrain adjustments implying mass 
movement activity occur to recover equilibrium. The analyses show a strong stability coupling 
between permafrost affected bedrock and adjacent hanging glaciers. 
Looking at the glacierization, increased area-wide ice loss could be observed since 1956, probably 
to be explained by the trend towards increased air temperatures of about 0.5 to 1.5°C in this area. 
However, between 1988 and 2001, the lower part of the Monte Rosa glacier showed mass accumu-
lation even though in other areas of the face, large ice loss occurred by ice avalanche events. 
Hence, simultaneous volume gain and volume loss can be observed in the glaciated areas at the 
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same time. These observations suggest complex glaciation/deglaciation processes in such high-
mountain faces. 
Another noticeable phenomenon is the surprisingly fast accumulation of ice at distinct zones, where 
it was eroded by preceding mass movement events, e.g. in the Zapparoli Channel and the Imseng 
Channel. The accumulation rate is in these areas with up to 10 m per year higher than the assumed 
local precipitation rate. Strikingly, the areas with fast accumulation are located in flatter, depres-
sion-like terrain. These high accumulation rates are most likely influenced by snow redistribution 
due to complex wind fields, and snow and ice avalanches from steeper parts. Considering the pho-
tographs from 2003 and 2007 (Figure 6), it can be seen that the Marinelli Channel was totally ice-
free in 2003 and shows again some ice cover in 2007. The ice and firn thickness in the Marinelli 
Channel is about 5 to 15 m. Such thin ice covers react extremely fast to temperature and precipita-
tion changes, and can recover rapidly after having completely vanished. 
7. Conclusion and perspectives 
The results of the multi-temporal DTM comparison in this study represent a unique new way of 
documenting and quantitatively assessing topographic changes in bedrock and ice in a large perig-
lacial area. The combination of LiDAR data and photogrammetrically processed aerial images al-
lows detailed investigations over long time periods. Large numbers of terrestrial photographs and 
orthophotos provide insights that help to interpret processes influencing slope stability. Processes 
that influence glacier and rock slope stability, however, cannot be determined from DTM analyses 
alone; additional observations in the field and the investigation of orthophotos and terrestrial im-
ages are essential. 
Permafrost and glaciers in cold mountain regions will continue to be affected by climate change. In 
other steep periglacial mountain faces comparatively strong changes may develop, or have already 
developed. Consequently, further hazardous situations are likely to emerge. Therefore, remote sens-
ing methods for the investigation and monitoring of high-mountain faces should be further devel-
oped and applied. The combination and integration of different technologies help to improve our 
understanding of the involved processes and corresponding hazard assessments. The acquisition of 
LiDAR at regular intervals would be important for establishing a detailed data base that documents 
topographic changes. For continuous monitoring and hazard assessment fixed installation of auto-
matic cameras taking photographs with higher temporal resolution provide additional information 
at high temporal resolution. 
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Abstract 
The 1988 Tschierva rock avalanche in the eastern Swiss Alps involved several complex 
mechanisms relating to geological, geomechanical, glaciological, and hydrologic processes for 
which no clear trigger can be assigned. This paper investigates the periglacial slope failure based 
on a multi-disciplinary approach combining qualitative analysis of contributing factors with 
quantitative geomechanical modeling. The problem of data acquisition in complex high-mountain 
terrain is addressed, and an approach for slope stability analysis is presented that comprehensively 
copes with the existing data limitations.  
Results from multi-factor analyses of morphology, geology, glaciation history, permafrost, 
hydrology, and climate allowed first conclusions to be drawn about the influence of these factors 
on slope stability. For more detailed process investigations, however, geomechanical modeling was 
performed. Results from kinematic analyses demonstrated the strong influence of discontinuity and 
slope geometry on the degree of kinematic freedom and stability of local rock slopes. 
Discontinuum modeling was then applied to investigate the both influence of glacier retreat and 
variable groundwater conditions. The results suggest progressive rock mass strength degradation 
through failure of intact rock bridges connecting non-persistent discontinuities following release of 
lateral support by deglaciation. The influence of an unfavorable groundwater setting was addressed 
using a conceptual hydro-mechanical approach, and demonstrated that repeat cycles of water 
pressure can result in irreversible slope displacements. Changes in permafrost are suggested to have 
influenced groundwater flow paths and the shear strength of ice-filled discontinuities. The 
combined results of this study reveal the strong influence of discontinuity orientation with respect 
to the rock slope, and the long-term effect of progressive development of persistent discontinuities 
induced by glacier retreat and groundwater loading cycles, in leading to the eventual rock 
avalanche. 
Keywords: rock slope stability, periglacial, kinematics, numerical modeling, progressive failure 
1. Introduction 
Rock avalanches in the European Alps and other high mountain ranges document the potential 
hazard related to slope instabilities in alpine flanks (e.g. Evans and Clague, 1988, 1994; Dramis et 
al., 1995; Barla et al., 2000; Haeberli et al., 2004; Cola, 2005; Geertsema et al., 2006). Several 
recent alpine rock avalanches have been investigated in detail (e.g. Barla and Barla, 2001; Bottino 
et al., 2002; Noetzli et al., 2003; Fischer et al., 2006; Oppikofer et al., 2008; Huggel, 2009), but 
generally only single environmental factors have been considered in these investigations. The 
failure causes and process interactions controlling most alpine slope instabilities remain poorly 
understood. 
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The stability of mountain rock walls is influenced by a number of internal and external factors 
including the topographic and geological setting, geomechanical properties, hydrogeology, 
glaciation, and permafrost occurrence. Changes in one or more of these factors, often in 
combination with potential external forcings such as earthquakes or heavy precipitation, may 
reduce slope stability and lead to eventual failure (Wegmann et al., 1998; Ballantyne, 2002; Fischer 
and Huggel, 2008). Permafrost and glaciers are particularly sensitive to climate change (e.g. Harris 
et al., 2003, 2009; Zemp et al., 2006), and variations in their extent or geometry can have a large 
influence on rock wall stability. The response of steep mountain flanks to changes in these factors 
is strongly conditioned by the topography and geological setting, in particular by the geometrical 
and geotechnical characteristics of discontinuities (Einstein et al., 1983; Ballantyne, 2002). The 
stability of hard rock slopes is controlled not only by intact rock strength, but to a large degree by 
discontinuity properties and geometry (Hoek and Bray, 1981; Goodman, 1989; Giani, 1992). 
Changes in the distribution and temperature regimes of alpine glaciers and permafrost can have a 
large impact on the local rock wall stress field and hydrologic and geomechanical properties (Evans 
and Clague, 1993; Haeberli et al., 1997; Wegmann et al., 1998; Harris et al., 2001; Davies et al., 
2001). Different physical processes may link warming permafrost and destabilization of steep 
bedrock, such as the loss of ice bonding in fractures, reduction of shear strength, and increased 
hydrostatic pressure (Gruber and Haeberli, 2007). A large number of recent rock avalanches are 
thought to be related to ongoing changes in permafrost occurrence (Bottino et al., 2002; Noetzli et 
al., 2003), for example the 2.5 x 106 m3 rock avalanche from Punta Thurwieser, Italy, in 2004 
(Cola, 2005), the 2-3 x 106 m3 Brenva rock avalanche, Mont Blanc region, Italy, in 1997 (Barla et 
al., 2000), and the ~1 x 106 m3 rock avalanches from Dents du Midi and Dents Blanches, 
Switzerland, in 2006. Glacial erosion and oversteepening, in combination with subsequent 
debuttressing accompanying glacier retreat, may result in slope instabilities such as progressive 
slope failures, rock avalanches, and deep-seated landslides (Evans and Clague, 1994; Augustinus, 
1995; Ballantyne, 2002; Eberhardt et al., 2004). The failure mode, scale, and timing of periglacial 
rock slope adjustment are strongly conditioned by rock mass strength, and in particular by 
discontinuities (Ballantyne, 2002; Moore et al., 2009). Oversteepened slopes are generally thought 
to adjust rapidly to changing stress conditions by a reduction of the slope angle; however, many 
historical landslides may have been conditioned by late Pleistocene deglaciation more than 10,000 
years earlier (Cruden and Hu, 1993). In such cases, slope deterioration can be additionally affected 
by progressive failure processes that act to reduce rock mass strength. Progressive failure is 
predominately driven by the propagation of fractures through intact rock pieces connecting existing 
discontinuities (Einstein et al., 1983; Eberhardt et al., 2004; Prudencio and Van Sint Jan, 2007). 
The complexity of slope stability problems in glaciated and permafrost terrain requires a 
combination of different investigation and modeling techniques in order to resolve the relevant 
physical processes. High-mountain rock walls are an extremely challenging environment for data 
acquisition due to the complex topography and difficult access. The first step in assessing rock 
slope stability is detailed evaluation of the lithology and rock mass structure. Kinematic analyses 
based on rock wall and joint geometry can give an initial indication of failure potential (e.g. 
Goodman, 1989; Giani, 1992; Stead et al., 2001; Sartori et al., 2003). Many rock slope stability 
problems, however, involve complex geometry, lithology, in situ stresses, and hydraulic conditions, 
and are further complicated by coupling between these various parameters. For such complex slope 
stability analyses numerical modeling methods are often required; different approaches are 
described by Stead et al. (2001, 2006) and Eberhardt et al. (2004). Studies of alpine rock slope 
instabilities have shown that numerical models are a powerful tool for assessment of failure 
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mechanisms (e.g. Barla and Barla 2001; Eberhardt et al. 2004), but the necessary level of 
topographic and geotechnical detail can limit their application.  
In this study, we focus on the 1988 Tschierva rock avalanche (Engadin, Swiss Alps) as an example 
of a recent periglacial rock avalanche event. The objectives of this paper are to analyze a broad 
range of factors influencing slope stability in an integrated manner, to evaluate slope stability with 
kinematic and numerical techniques focusing on the role of glacier retreat, permafrost and 
groundwater conditions, and finally to discuss the role of geological, geomechanical, and 
glaciological factors in leading to the rock avalanche. The study further contributes to developing a 
framework for slope stability assessment in high-mountain environments where access and site-
specific data are typically limited. This is particularly relevant in view of the effects of recent and 
future climate change on rock slope stability in these regions. 
 
2. Study site and 1988 rock avalanche  
The 1988 Tschierva rock avalanche detached from the western flank of Piz Morteratsch in the 
eastern Swiss Alps (Fig. 1 and 2). The Piz Morteratsch is located within the Bernina massive, 
Engadin, between Val Roseg and Val Morteratsch, and reaches an elevation of 3751 m a.s.l. The 
Tschierva glacier is situated at the south-western foot of the Piz Morteratsch. Minor debris cover on 
this valley glacier, except for the deposit of the investigated rock avalanche, indicates that no larger 
mass movements occurred in this area during the last century. 
The rock avalanche occurred on October 29, 1988, shortly before midnight. A volume of 250’000 - 
300’000 m3 of rock, estimated from the deposition area and thickness of deposits (Schweizer, 
1990) as well as by the extent of the detachment zone (current study), detached at about 3180 m 
a.s.l. from the front of a steep west-facing ridge. The rock mass fell down onto the Tschierva 
glacier, incorporating material from below the detachment zone, finally coming to rest on the 
glacier at an elevation of about 2700 m a.s.l. The runout distance was approximately 1000 m and 
the drop height 480 m, corresponding to an average slope angle of 26°.  
The detachment zone extends over an area of about 7000 - 8000 m2. The shape is a triangular form 
about 150 m wide at the base and with the apex touching the ridge (Fig.1). The upper boundary of 
the detachment zone is located at an elevation of about 3180 m a.s.l., the lower boundary at 3050 m 
a.s.l. The surface is stepped in the form of three prominent large-scale benches (Fig. 3). The deposit 
is clearly delineated atop the otherwise relatively clean glacial ice and contains large boulders up to 
200 m3. The average thickness of the deposit was estimated to be 1 to 3 m immediately after the 
rock avalanche (Schweizer, 1990), but the thickness subsequently decreased due to dispersion of 
the debris by the flowing glacier.  
Increased but small-volume rockfall activity was observed in the area during the months prior to 
the rock avalanche (personal communication A. Amstutz). During field work in summer and fall 
2006, occasional minor rock fall activity was also observed. As earthquakes are known to trigger 
slope failure and the Engadin region shows occasional earthquake activity, the Swiss Macroseismic 
Earthquake Catalogue was consulted. Analysis of this seismic database showed that there was no 
seismic event within the timeframe of the slope failure. Thus, an earthquake can be excluded as a 
possible trigger of the Tschierva rock avalanche. 
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Fig. 1. Western flank of the Piz Morteratsch with the Tschierva glacier in the foreground. The detachment zone of the 
1988 rock avalanche (outlined) and the deposits resting on the glacier are visible in the middle of the photograph (A. 
Amstutz, 1988). 
 
 
Fig. 2. Topographic map of the Piz Morteratsch and Tschierva Glacier. The detachment zone and deposit on the glacier 
(date of the map: 2003) are marked in gray. Topographic map is reproduced by permission from Swisstopo (BA091428). 
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3 Site investigation 
3.1 Topography and morphology 
The area around the Piz Morteratsch lies within an altitude range of 2500 to 4000 m a.s.l. The 
regional landforms show a strong influence of both Late Pleistocene and current glaciers. Only the 
highest peaks in the area remained ice free during the Last Glacial Maximum (LGM), while the 
lower flanks were sculpted and partially oversteepened by valley glaciers into strong U-shaped 
forms. Rock wall slope angles vary between 40° and 75°, while debris-covered, recently 
deglaciated slopes are inclined between 20° and 40°. 
A topographic survey was conducted at the site to determine geometrical features and to obtain 
representative surface profiles. Due to difficult and dangerous access, the post-failure slope 
geometry was measured from a fixed position below the detachment zone with a laser rangefinder 
and inclinometer. The pre-failure surface was extracted from orthophotos dating from 1985 (Fig. 
3). Details of the topography of the investigated flank including the detachment zone are illustrated 
in Fig. 3. In the upper-most area, the profile is divided into two parts: section [1] shows the ridge 
topography above the detachment zone, while section [2] displays the topography of the cirque 
located to the north above the detachment zone (cf. Fig. 1). 
The 1988 Tschierva rock avalanche detached at the lowest part of the steep western ridge of the Piz 
Morteratsch, where the frontal section of the ridge widens to a steep, triangular flank. The ridge 
shows a shoulder-like morphology, steepening below the rounded edge then ending at the bottom 
of the flank in low angle debris-covered terrain. The upper part of the failed slope was gently 
inclined and rounded prior to the rock avalanche, while the lower portion was steeply inclined 
similar to the current slope. A small cirque is located slightly above the northern side of the ridge, 
directly adjacent to the frontal flank. This cirque holds snow nearly throughout the entire year. 
 
Fig. 3. Topographic profile and geological model of the investigated area, including the detachment zone of the Tschierva 
rock avalanche. Sections 1 and 2 show the two different neighboring topographies above the detachment zones, K1 and 
K2 are the predominant discontinuity sets. The profile line indicated in the photograph is used later in numerical slope 
stability modeling. 
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3.2 Geology and rock mass characterization 
Geological mapping and rock mass characterization were conducted during field investigations and 
supplemented with additional geological data from Spillmann and Trommsdorff (2005). Rock mass 
characterization was performed in compliance with empirical rating schemes, such as the 
Geological Strength Index (GSI; Hoek and Brown, 1980, 1997) and the Rock Mass Rating system 
(RMR; Bieniawski, 1989). In this study, the uniaxial compressive strength (UCS) was estimated 
from reported literature values and the application of the Hoek-Brown failure criterion (Hoek and 
Brown, 1997) on field data (GSI). The rock mass characteristics are listed in Table 1. 
The study area is located within the Lower Austroalpine nappe, in the crystalline rocks of the 
Bernina nappe system. The area of the Tschierva rock avalanche includes two primary lithologies: 
diorite is predominant throughout, while kataclastic-mylonitic altered rocks occur in the fault zone 
crossing the flank (Fig. 3). The fault zone has a thickness of 20 to 40 m and extends laterally over 
several kilometers. Similar fault zones can be observed elsewhere in the surrounding area. The 
local fault zone crosses the ridge horizontally through the detachment zone and dips out of the 
slope at approximately 15° to 20° (Fig. 3). The fault zone is a tectonically-modified rock mass 
consisting of greenschist to amphibolitic rock. This amphibolitic rock is foliated, and slicken-sides 
can be found on the surfaces of many discontinuities. The structure of the diorite is generally 
massive to blocky, and the minerals are marginally aligned.  
Discontinuities (i.e. faults and joints) were analyzed in the field with regard to their geometrical 
and mechanical properties in order to provide a basis for subsequent kinematic and numerical 
modeling. Orientation measurements were performed manually at different sites close to and within 
the detachment zone. Four joint sets were mapped and characterized, based on statistical clustering 
of orientation measurements. 
The predominant joint set, K1 (mean dip direction and dip angle: 250 / 56; Fig. 3), dips moderately 
to the west unfavorably out of slope (orientation of failed slope: 260-270 / 55-70), and can be found 
throughout the entire ridge. The second joint set, K2, dips steeply to the west (285 / 84; cf. Fig. 3). 
These two joint sets combine to create the primary surfaces of the detachment zone, where K1 
forms large flat surfaces and K2 creates a series of steep scarps. There were two additional joint 
sets noted, K3 (300 / 66) and K4 (180 / 28), though they are less frequent and not persistent 
throughout the ridge. Joint frequency increases strongly within the fault zone compared to the 
dioritic rock mass, and additional indicators of shear displacements (slickensides) can be found on 
discontinuity surfaces in this area (Table 1). Joints in the faulted domain are often open or have 
mineral infillings.  
Table 1. Rock mass properties of the two primary lithologies 
  Diorite Amphibolitic fault zone 
UCS  
 
150-200 MPa 130-180 MPa  
GSI  55-65 45-55 
Joint spacing  0.4 – 1.2 m  0.2 – 0.8 m  
Joint condition Persistence 
Aperture 
Roughness 
Infilling 
Weathering 
3-10 m 
0.1-1 mm 
slightly 
none to hard infilling < 5 mm 
slightly to moderately weathered 
3-10 m 
1-5 mm 
smooth to slickensided 
hard infilling > 5 mm 
moderately to highly weathered 
Groundwater Joint/Flow 
Description 
dry/no 
dry 
wet/occasional 
flowing 
Fischer et al.: Periglacial rock slope stability assessment 
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Fig. 4. Water discharge in the upper part of the detachment zone following the 1988 rock avalanche (A. Amstutz, 1988). 
The detachment zone is marked in white, [1] indicates the main infiltration zone and [2] the occasional surface water 
drainage. 
3.3 Hydrological setting 
Groundwater information was compiled from visual observations in 1988 and 2006, and through 
analysis of aerial and terrestrial photographs from different years. Strong water discharge was 
observed directly after the rock avalanche in the upper portion of the detachment zone in the area 
of the fault (cf. Fig. 4; personal communication A. Amstutz). Water outflow was also observed in 
this area during field work in the summer of 2006. At the end of September 2006, however, no 
water outflow could be observed, but prominent water staining could be seen in the area of the 
fault-zone and adjacent surfaces (photograph in Fig. 3). The strong water outflow observed after 
the slope failure in October 1988 is notable considering the low air temperatures around 0° C 
during the days before the rock avalanche that impeded enhanced melting (cf. Fig. 6 and section 
3.7). 
The primary water infiltration zone is assumed to be the cirque directly above and behind the crest 
of the detachment area (Fig. 1 and 3). Long-lasting snow patches persist nearly all year and may 
provide ample water supply (Fig. 1 and 4). Occasional surface water drainage from this cirque can 
be observed during summer along a small channel adjacent to the failed flank (Fig. 3 and 4). The 
hydrological transport properties of the bedrock are highly anisotropic, with flow largely controlled 
by discontinuities. Higher fluid conductivity due to more frequent and persistent discontinuities is 
expected within the fault zone. The sparsely jointed dioritic rock mass below the fault zone acts as 
a nearly impermeable barrier for water percolating from above. Therefore, discontinuities dipping 
out of slope at the lower boundary of the fault zone act as seepage paths. Significant water 
pressures may develop within the fault zone following periods of prolonged rainfall or intense 
snow melt. Such water pressure can act as a key triggering factor for slope instabilities.  
3.4 Glaciation history  
The history of glaciation in the Piz Morteratsch area was investigated in order to analyze the effects 
of glacier retreat on slope stability and deduce the relevant timescales. Our investigation was based 
on an existing digital glacier inventory of the Swiss Alps for the years 1850, 1973, and 1999. These 
8 
 
reconstructions of glacier extents were compiled from historical maps, aerial photographs, and 
satellite images (Müller et al., 1976; Maisch, 1992; Maisch et al., 2000; Paul, 2004). Fig. 5 shows 
the three past glacier extents in the area of the Tschierva rock avalanche. During the Little Ice Age 
(around 1850), the flank was not covered by ice. A small tributary glacier was located below the 
investigated rock slope. During the Pleistocene, the area was affected by a series of several glacial 
advance and retreat cycles (Maisch et al., 2000, Ivy-Ochs et al., 2008). The last glaciation of the 
entire rock slope occurred during the LGM (Late Pleistocene), when the ice thickness at the 
location of the detachment zone is estimated to have been between 50 and 150 m (Jäckli, 1962; 
Maisch, 1992).  
3.5 Permafrost distribution 
Rock wall surface temperature is a function of the energy balance at the rock surface, and has a 
strong influence on subsurface temperatures and permafrost occurrence. The primary factors 
determining the surface temperature of a rock wall are aspect (shortwave radiation), altitude 
(sensible heat and longwave incoming radiation), and lithology (albedo; Noetzli et al., 2003). 
Temperature estimations by Noetzli et al. (2003) were complemented with distributed temperature 
modeling by Noetzli using the topography and energy balance model TEBAL (Gruber, 2005). A 25 
m digital elevation model (DHM25 Level 2; Swisstopo) and climate time series data from 1990-
1999 from the Corvatsch meteorological station were used in this analysis (data provided by 
MeteoSchweiz). Based on the key assumption that a mean annual ground surface temperature 
(MAGST) of 0° C indicates the limit of permafrost existence, the spatial permafrost distribution 
was assessed. 
 
Fig. 5. Modeled ground surface temperatures (in °C) and glacier outlines at three different times for the Piz Morteratsch 
area. The synthetic view is computed from a 2003 orthophoto and 25 m DHM (reproduced with permission from 
Swisstopo; BA091428). 
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Fig. 5 shows the results of temperature modeling for the Piz Morteratsch area. Due to the delayed 
reaction of permafrost to 20th century warming, permafrost in rock walls may still occur below the 
surface down to about 150m lower than simulated here (Noetzli et al., 2007). 
Mean annual ground surface temperatures in steep rock in the Piz Morteratsch area range, 
depending on aspect and altitude, from about -8° C (dark blue) to +4° C (red, Fig. 5). In the area of 
the detachment zone, the modeled surface temperatures are between -2° C and 0° C. This result 
indicates probable permafrost in close proximity to the limit of permafrost existence. Interstitial ice 
would thus be close to the melting point, and the combined occurrence of ice and water could be 
present in discontinuities. Observation of ice within the detachment zone after the 1988 failure 
(personal communication A. Amstutz) confirms the modeled negative surface temperatures. In the 
area of the detachment zone, complex surface temperature fields are observed. The modeled 
surface temperatures are positive on the southern side of the ridge and negative on the northern 
side. This introduces a complex subsurface temperature field, which can strongly influence the 
permafrost distribution and also groundwater flow paths from the assumed infiltration zone in 
cirque.  
3.6 Meteorological data 
Precipitation and temperature data were analyzed to help understand any possible role of 
meteorological factors in triggering the slope failure. Temperature and precipitation data are 
available since 1980 for the Corvatsch meteorological station located 6 km to the west of the 
detachment zone at an elevation of 3315 m a.s.l. (data provided by MeteoSchweiz). Due to the 
proximity and similar altitude of the climate station, the data are considered to be directly 
transferable. 
 
 
Fig. 6. Temperature and precipitation data from the Corvatsch climate station near to the Tschierva rock avalanche (data 
provided by MeteoSchweiz). [a]: Number of days with particular daily sum of precipitation from 1980 to1990; note the 
logarithmic scale on the number of days. [b]: Daily precipitation and mean daily air temperature (with indicated 
minimum and maximum values) during the four months prior to the Tschierva rock avalanche (marked by a vertical 
dashed line). The dotted line indicates the mean daily air temperature from 1980 to 1990.  
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Meteorological data were analyzed for a timeframe from 1980 to 1995 in order to obtain reliable 
mean values and identify outliers. Fig. 6a shows the total number of days between 1980 and 1990 
with different daily sums of precipitation. The maximum daily precipitation during this period is 
between 60 and 70 mm, and the data show only five days with more than 50 mm precipitation. 
Precipitation data from July 1988 to October 1988 (Fig. 6b), show that two of these five days of 
heavy precipitation occurred just two weeks before the slope failure (vertical dashed line). This 
precipitation in October 1988 likely occurred as snowfall, as indicated by sub-zero air 
temperatures, which can delay potential water infiltration. 
Fig. 6b also shows daily air temperatures between July and October 1988. The solid line is the 
daily mean temperature during this period with indicated daily minimum and maximum, while the 
dashed line shows the long-term (1980 to 1990) mean daily air temperature. The 1988 summer 
temperatures are, in general, slightly higher than the long-term mean, but the differences are 
relatively minor. The meteorological data show an exceptional precipitation event on 11 and 12 
October, 1988, and reveal two periods with above-zero temperatures between this snowfall event 
and the rock avalanche, which could allow for melting of the newly fallen snow. However, it is 
difficult to estimate the amount of snowmelt and subsequent infiltration based on these data. 
3.7 Hypotheses based on site investigation 
Results of the site investigation lead to the following hypotheses to be addressed with kinematic 
and numerical slope stability analyses:  
1. Discontinuity and rock slope geometry determine the location of potential slope failures. 
2. The regional morphology shows a strong glacial overprint, and the failed flank had been 
modified by repeat Pleistocene glaciations. The oversteepened topography, in combination 
with debuttressing accompanying glacial retreat, creates an unfavourable condition for 
slope stability. 
3. Permafrost and permafrost degradation may have contributed to the slope destabilization. 
4. Different permeabilities within the fault zone and the underlying diorite can induce an 
unfavorable groundwater setting. Increased water pressure after heavy precipitation in mid-
October, 1988 may have adversely influenced slope stability. 
 
4. Geomechanical analyses 
4.1 Kinematic analysis 
4.1.1 Method 
Kinematic analysis of discontinuity-controlled slope instabilities takes into account comparison of 
joint orientation and friction angle with the geometry of the slope free face. Due to field evidence, 
planar sliding is anticipated to be the dominant failure mechanism at our site, and therefore 
exclusively investigated in this study. The kinematic analysis is based on the stereographic 
projection method according to Norrish and Wyllie (1996). To approximate failure conditions, the 
following fundamental mechanical criteria for discontinuity-controlled planar failure in rock slopes 
were considered: 
Fischer et al.: Periglacial rock slope stability assessment 
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Fig. 7. Kinematic conditions for discontinuity-controlled planar failure in rock slopes. Based on the assumed failure 
criteria, a critical area for sliding can be distinguished (hatched outline). Fisher concentrations show the density of poles 
from field discontinuity data. 
The slope fails if:   Ψf > Ψp > Ф and 
αf – αp ≤ 20° 
where Ψf: rock face dip angle, Ψp: joint dip angle; Ф: joint friction angle (assumed to be 30°). The 
critical departure between dip direction of the slope (αf) and discontinuity (αp) was assumed to be 
20° (Fig. 7). 
To account for the variability of slope and discontinuity geometry (Fig. 7), a probabilistic approach 
was applied in our kinematic analysis (Rosenbleuth, 1981; Christian and Baecher, 2002). The 
approach is based on the assumption that the slope and fracture geometry are representative, and 
the variability of the slope orientation is known. In order to highlight the influence of discontinuity 
geometry in relation to slope orientation, the adjacent stable slopes in vicinity of the failure zone 
were also analyzed. The two investigated slopes were: [A] the failed portion of the rock slope, and 
[B] the adjacent stable flank. For the probabilistic analysis of different rock slope orientations 
(according to Rosenbleuth, 1981), the corresponding geometrical variables were chosen: [A] dip 
angle of 55-70° and dip direction of 260-270°, and [B] dip angle of 55-70° and dip direction of 
205-225°. These values were extracted from a 25 m gridded digital elevation model (DHM25 Level 
2, Swisstopo). Based on field measurements and observations, the orientation of discontinuities is 
assumed to be the same for flanks [A] and [B]. 
 
4.1.2 Results 
Results of the kinematic analysis indicate the potential for planar sliding along pre-existing 
discontinuities K1 and K2 in the failed portion of the slope. The likelihood of planar sliding is 
significantly higher in the detachment area [A] in comparison to the adjacent stable slopes [B]. For 
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a representative variability of slope and discontinuity geometry in the failed area, 10 to 33% of the 
poles indicate the potential for planar sliding (90% confidence interval, normal distribution 
assumed). For the adjacent stable slope [B], only 1 to 6% of the poles plot within the critical area 
for planar sliding. These results confirm that the slope and discontinuity geometry have a 
significant influence on the degree of kinematic freedom and slope stability. 
The analysis of kinematic conditions shows that the probability of planar sliding along existing 
discontinuities is significantly higher in the area of the slope failure than in the adjacent stable 
flank. Minor changes in slope orientation and angle reduce the occurrence of daylighting 
discontinuities and consequently limit the degree of kinematic freedom. Planar sliding is 
impossible when no discontinuity sets daylight on the slope.  
 
4.2 Numerical slope stability assessment 
4.2.1 Method 
Numerical slope stability modeling was performed using the Universal Distinct Element Code 
UDEC (Itasca, 2004) to investigate the influence of different factors and underlying mechanisms 
contributing to the rock avalanche.  
UDEC is a two-dimensional distinct element code appropriate for analysis of discontinuous 
materials. Rock joints are viewed as interfaces between blocks along which contact forces and 
displacements can be calculated. Movement of the block system results from applied loads or 
forces, which in the current study is gravitational force. Additionally, fully-coupled mechanical-
hydraulic analysis can be performed. In this study, numerical modeling was used in a conceptual 
manner to test the hypotheses developed from the site characterization. 
4.2.2 Modeling setup 
The profile for the numerical modeling is positioned in the central portion of the detachment zone 
and extends from the Tschierva glacier to the ridge approximately 50 m above the detachment zone 
(Fig. 3). The two dominant discontinuity sets K1 and K2, as well as the fault zone, were included in 
the model. The slope surface geometry after the rock avalanche was not implemented. 
For model initialization introducing the in situ stress conditions, all joints were assumed to follow 
Mohr-Coulomb behavior, i.e. perfectly elasto-plastic joints, so as to avoid brittle failure during this 
stage. For all subsequent simulations, the joint model was set to Mohr-Coulomb slip with residual 
strength, i.e. perfect brittle joints. The intact rock material was assumed to be linear-elastic for all 
modeling series. Modeling of glacier retreat was performed neglecting the influence of water 
pressure in the rock mass in order to analyze the mechanical and hydrological aspects 
independently. 
The input parameters for the intact rock and discontinuity properties are summarized in Table 2. 
Discontinuity persistence is a key factor influencing rock mass strength and slope stability 
(Einstein et al., 1983). Failure along non-persistent discontinuities may require fracturing through 
intact rock bridges. The combined strength of non-persistent joints and intact rock pieces can be 
approximated by applying Jennings’ equivalent cohesion and friction criterion. Jennings (1970) 
offered a fundamental method to estimate the shear resistance (R) on a sliding surface that is 
partitioned into intact rock bridges of area Ar and a joint area of Aj = A - Ar. The shear resistance to 
Fischer et al.: Periglacial rock slope stability assessment 
13 
 
sliding can be evaluated as a weighted combination of the shear resistance of intact rock bridges 
(Rr) and the shear resistance of joint surface (Rj) (Einstein et al., 1983): 
R = Ar/A·Rr + Aj/A·Rj 
The equivalent friction and cohesion are then given by: 
ca = (1-K); ·cr + K·cj 
tanФa = (1-K); ·tanФr + K·tanФj 
Where K = Persistence = Aj/A, ca = apparent cohesion, cr = cohesion of the intact rock bridges, cj = 
joint surface cohesion, Фa = apparent friction angle, Фr = friction angle of intact rock bridges and 
Фj = friction angle of the joint surface. Einstein et al. (1983) discussed the shortcomings and 
limitations of the method (e.g. the failure surface is restricted to joint planes and en-echelon 
failures are neglected). 
The first series of discontinuum models were calculated in order to establish an equilibrium 
stability state. Stresses were initialized and run to equilibrium with a standard horizontal to vertical 
stress ratio of 0.5 (i.e. k = σH / σV = 0.5). 
Considering the large uncertainties associated with specific conditions, in particular the state of 
stress, deformability, and strength properties, a sensitivity analysis was performed for key 
geotechnical parameters. The primary emphasis in this sensitivity analysis was to constrain the 
joint friction angle and cohesion. The sensitivity analysis showed, that for the given geometry with 
persistent discontinuities, the stability threshold requires cohesion between 0.1 - 0.3 MPa and a 
friction angle between 30 - 50°. The slope becomes unstable with cohesion values lower than 0.1 
MPa. 
 
Table 2  
Material properties for the discontinuum slope stability modeling.  
Parameter Diorite Fault zone Glacial ice 
Young’s modulus (GPa) 20 15 10 
Poisson’s ratio 0.25 0.25 0.3 
Density (kg/m3) 2700 2700 900 
Persistence K (%) 0.95-0.97 0.95-0.97  
Joint normal stiffness (GPa/m) 10 10  
Joint shear stiffness (GPa/m) 1 1  
Joint cohesion (MPa) 0.5-1 0.5-1  
Joint friction (°) 30-35 30-35  
Joint dilatation angle (kPa) 0 0  
Joint tensile strength (kPa) 0-0.5 0-0.5  
Joint residual cohesion (MPa) 0.1 0.1  
Joint residual friction (°) 30 30  
Joint residual tensile strength 0 0  
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Fig. 8. [a-c]: Retreat of Pleistocene glaciers and associated confinement loss alters the stress field in the rock slope and 
induces progressive failure through non-persistent discontinuities (black lines). Horizontal displacements between 10 and 
40 cm can be observed in stage [c] along a stepped sliding surface that matches well with the observed 1988 failure 
surface. 
4.2.3 Results I: Glacier retreat 
Glacial unloading was simulated by assuming glacier down-wasting of approximately 450 m to the 
current level. This value is in accordance with reconstructed glacial ice surface maximums during 
the LGM (Jäckli, 1962). The process of glacier retreat was modeled with nineteen stages of ice 
surface lowering in the 2D profile. 
Fig. 8 shows three stages of the glacier retreat. The results reveal fracturing of intact rock bridges 
in the near-surface areas with lowering of the glacier ice level. In Fig. 8b, horizontal displacements 
in the range of 10 cm can be observed in the steep frontal portion of the flank; a result of this 
debuttressing. The model suggests that progressive development of fractured joint surfaces 
primarily occurs in steep zones of the slope. Changes in the stress field in this area were 
pronounced, while the main discontinuity set daylights on the slope, generating an unfavorable 
situation for slope stability. 
Minor movements can be detected along a stepped surface (Fig. 8c), which corresponds well with 
the observed failure surface from the 1988 rock avalanche. This indicates that fracturing of intact 
rock bridges along non-persistent discontinuities, and planar sliding on the two main joint sets was 
already induced by glacial unloading. However, for bulk failure to occur the discontinuities must be 
fully persistent, and our numerical models show that the slope remains stable under the assumption 
of 3% intact rock bridges. 
As shown in the kinematic analysis, the assumption of joint frictional strength alone results in 
failure immediately after the glacier has retreated to a critical level where sliding is permitted by 
the new kinematic freedom. Since the slope was stable for many thousands of years following 
retreat of LGM glaciers, we can assume that there were still intact rock bridges between 
discontinuities after deglaciation, and the influence of glacier retreat can be considered as 
preparatory degradation of rock mass strength but not the primary reason for slope failure.  
4.2.4 Results II: Hydrologic loading conditions 
Model simulations including groundwater loading were performed to assess the influence of water 
pressure on slope stability. Due to the lack of detailed measurements of water pressures and flow 
paths, this modeling describes only the basic concept based on visual observations. 
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Fig. 9. The influence of hydrologic loading within the fault zone: [a] vertical displacement in the 2D profile after 
application of groundwater, [b] horizontal displacement along the two marked vertical profiles. Horizontal displacements 
concentrate in the area of high fluid pressures (white lines), while the vertical displacements proceed further down into 
the rock mass. 
 
In first model runs, the groundwater conditions were simulated with a permanent water table at 
different elevations. The results showed that as soon as the steep portion of the rock slope is water 
saturated it becomes unstable. More realistic analyses incorporating the observed hydrological 
setting were then conducted. As observed during field investigations, the fault zone shows 
increased permeability compared to the underlying dioritic rock mass (Fig. 3 and 4). Therefore, 
permeability of the joints within the fault zone was increased by implementing a joint aperture 10 
times higher than that for the dioritic rock mass. Additionally, permeability was decreased within a 
narrow layer at the lower boundary of the fault zone. Fluid flow was then introduced by applying a 
pressure gradient from the uphill boundary of the model. The zone of water infiltration into the 
model was limited to the upper part of the surface stopping at the lower boundary of the fault zone 
(Fig. 9, left boundary, between ~350 - 450 m on Y-axis). With this modeling setup, the 
groundwater reservoir in the upper part of the slope, originating from water infiltration in the cirque 
above the failed rock slope (Fig. 4), and aquiclude situation below the fault zone could be 
reproduced and their effect tested. One main assumption is that the discontinuities are fully water 
saturated. 
Fig. 9 shows the water pressure along discontinuities (marked with white lines). Maximum fluid 
pressures generated are 0.6 MPa, which corresponds to a head of 60 m. Mean fluid pressures within 
the fault zone range from 0.3 and 0.4 MPa, and between 0.02 and 0.03 MPa in the less-permeable 
diorite below. Water outflow at the surface is allowed. Fig. 9a displays vertical displacements in 
the 2D profile after hydrologic loading, while Fig. 9b displays horizontal displacements along two 
vertical profiles. Horizontal displacements were found to concentrate in the area of higher fluid 
pressures, and amount to 6 mm. Vertical displacements, however, extend further downwards and 
indicate maximum subsidence of 2 mm in the steep part of the flank. On the shoulder of the ridge, 
uplift displacements up to 8 mm can be recognized. Expansion of the flank due to water pressure in 
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the upper portion of the slope can induce displacements throughout the steep face, only ceasing 
where the slope becomes flatter. The 1988 slope failure occurred in the area with modeled vertical 
displacement. These results indicate that water pressure not only induces reversible displacements, 
but also provokes irreversible vertical settlement. 
 
5. Discussion 
This research addresses different environmental factors and processes possibly influencing slope 
stability and contributing to the 1988 Tschierva rock avalanche. Various approaches and data sets 
have been combined in an integrated analysis of the slope failure. The discussion is structured 
based on the hypotheses in section 3.8. 
5.1 Discontinuity and rock slope geometry 
Detailed site investigations yielded important insight into the current state of the slope and changes 
in the past. Although in situ access was limited, a comprehensive data set could be compiled from 
field work and remote sensing. Topographic and morphologic investigations revealed 
oversteepened topography resulting from glacial erosion in the area of the slope failure. Inspection 
of neighboring flanks, however, showed that most rock slopes in this area are also steep with 
similar oversteepened morphology. This suggests that, although slope angle, orientation, and 
morphology are key factors for rock slope stability, in this case the slope angle and morphology are 
not the primary factors provoking the slope failure.  
Kinematic analyses highlighted the strong influence of the two main discontinuity sets on the slope 
stability. Joint geometry controls the dominant failure mode in hard rock slopes, which in this case 
is planar sliding. The moderately-dipping and daylighting discontinuity set, K1, induces a 
kinematically unfavorable situation. Analyzing the neighboring flanks with similar discontinuity 
patterns, however, no unstable areas were observed and kinematic analyses reveal minor criticality 
for planar sliding failure in these adjacent areas. Therefore, the two predominant discontinuity sets 
have a significant effect on slope stability only in combination with the particular slope orientation. 
Even minor changes in either slope or discontinuity geometry may alter the kinematic conditions 
and the overall stability of the slope. 
5.2 Glacial retreat and debuttressing 
The rock avalanche detachment area was subject to high glacial confining pressure and significant 
redistribution of internal stress following glacier retreat. Numerical modeling of glacier retreat has 
shown that removal of the glacial buttress and subsequent decompression allowed propagation of 
fractures through previously intact rock bridges. The investigated rock slope was apparently stable 
after glacier retreat until 1988, despite significant stress redistribution and induced displacements. 
Our modeling has shown that the slope would have failed sooner if we assumed fully-persistent 
discontinuities. Therefore, our results suggest important contributions to rock mass strength from 
intact rock bridges along non-persistent discontinuities. Any occurrence of interstitial ice along 
joint surfaces is assumed to have a similar and complementary effect on rock mass strength as rock 
bridges. The effect of glacier retreat and debuttressing on rock slope strength deterioration likely 
occurred slowly and progressively over a long period of time through brittle fracturing of intact 
rock bridges (Eberhardt et al., 2004). This indicates that for our study site, the failure mechanism 
was not a simple process but rather a complex combination of increasing stress and the progressive 
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development of persistent discontinuities. Numerical model results revealed irreversible 
displacements along a stepped surface connecting discontinuity sets, which matched well with the 
eventual geometry of the 1988 failure surface. Only one deglaciation cycle has been simulated in 
our modeling. In reality, the flank experienced several cycles of glaciation and deglaciation during 
the Late Pleistocene (Maisch et al., 2000, Ivy-Ochs et al., 2008), possibly intensifying the process 
of progressive failure. However, rock slope failure can also occur shortly after deglaciation, as 
observed in several cases (e.g. Porter and Orombelli, 1981; McSaveney, 1993; Abele, 1997; 
Fischer et al., 2006; Oppikofer et al., 2008). 
5.3 Permafrost 
Ground surface temperature modeling has shown that permafrost occurrence is likely in the area of 
the failed slope, primarily on the northern side of the ridge and possibly also in the detachment 
zone. The probable occurrence of ice on the failure surface after the rock avalanche (personal 
communication A. Amstutz) confirms this estimation. The presence of ice in joints influences the 
strength of a jointed rock mass, however, geotechnical parameters and the behavior of ice-filled 
joints are not well known. Davies et al. (2001) showed on the basis of direct shear box tests that a 
rise in temperature might lead to a reduction in the shear strength of ice-bonded discontinuities 
between -2 and 0°C, and Mellor (1973) showed that the compressive and tensile strength of water 
saturated rocks increases strongly when temperatures decrease further below zero. This indicates an 
increased strength of ice-bonded fractures at lower negative temperatures. The observed water 
outflow in the upper part of the flank after the failure indicates subsurface temperatures above 0° C, 
at least along the flow paths. The presence of ice within joints in permafrost areas influences the 
hydrologic conditions. Groundwater flow can be cut off or diverted by frozen zones with much 
lower permeabilities (Tart, 1996). Permafrost thaw and consecutive water flow can strongly 
increase hydrostatic pressures, e.g. in fractures where ice may be thawing, in areas impermeable 
due to ice, or in areas where ice is thawing above. We assume that changes in permafrost could 
influenced slope stability due to a rise in ice temperature, a reduction in shear strength, and 
formation of new groundwater flow paths. However, more detailed conclusions are currently not 
possible, as they require further information on the permafrost and temperature distribution, and 
improved process knowledge linking permafrost and rock slope mechanics. 
Meteorological data from the nearby Corvatsch station cannot conclusively demonstrate that the 
slope failure reported in this paper is related to recent climate warming, due to of a lack of detailed 
long-term data. The mean daily temperatures in the summer and autumn of 1988 show no 
significant anomalies compared to the data from 1980 to 1995. For conclusions about changes in 
permafrost occurrence and temperature, however, longer data series would be necessary, and 3D 
and transient effects with depth must be modeled (Noetzli and Gruber, 2009). Theoretical 
considerations and modeling suggest that effects of 20th century warming have reached bedrock 
depths on the order of decameters (Gruber and Haeberli, 2007; Noetzli et al., 2007; Harris et al., 
2009). Accordingly, recent subsurface temperature changes at the Tschierva site are likely.  
5.4 Groundwater 
Increased fracture density within the fault zone crossing the detachment area may have adversely 
affected slope stability. Model results suggest that irreversible displacements can occur due to high 
water pressures generated within the fault zone. Since the input data necessary to design 
predictions are limited in this study, the numerical results should be used primarily to understand 
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the mechanisms affecting the system behavior, and no predictions can be made whether such water 
pressure acted as an ultimate triggering factor. 
Meteorological data show significant precipitation events in the weeks preceding the rock 
avalanche. Within the considered time frame of 15 years, the daily precipitation reached 50 mm on 
only five occasions, and two of these were consecutive days in October 1988. However, this 
precipitation was in the form of snow and occurred 16 days prior to the slope failure. Storage of 
precipitation as snow, and delayed melting in the days before the event likely influenced the slope 
failure. It is not clear to what extent the snow had melted within the two weeks preceding the rock 
avalanche, given the relatively short periods of above-freezing temperatures. The pronounced 
freezing periods in the days before slope failure could also have lead to a superficial freezing and 
consequently to a trapping of groundwater beneath a surface cap. Under such artesian conditions, 
quite high water pressure can build up. Although water outflow observed directly after the 1988 
rock avalanche is evidence of a considerable amount of groundwater within the flank, the 
preceding heavy precipitation cannot be clearly assigned as a triggering factor. Local observations 
indicated that there was rockfall activity from the flank during preceding months, which indicates a 
generally unstable state. Krähenbühl (2004) showed, based on long-term measurement of 
meteorological and displacement data in other parts of the eastern Swiss Alps, that heavy 
precipitation in autumn may have a stronger influence on displacements than comparable events 
during summer and spring because fracture opening is largest in autumn and therefore maximal 
joint water pressure can be built up. Such irreversible displacements have also been shown in our 
coupled hydro-mechanical modeling for the investigated rock slope. Based on the results of one 
loading cycle with high fluid pressures, we suggest that repeated small infiltration events and cyclic 
fluid pressure may have contributed to slow, progressive failure of intact rock bridges and 
ultimately to the failure of the slope. 
 
6. Conclusions 
Analysis of the 1988 Tschierva rock avalanche indicates that the slope failure was the result of a 
number of contributing factors and cannot be ascribed to one single cause. Among these factors, 
rock mass characteristics, namely the geometry of the two prominent joint sets with respect to the 
slope free face, played an important role in the failure. Slow, progressive formation or extension of 
discontinuities following glacial debutressing likely played a key role in long-term degradation of 
rock mass strength. Similarly, cyclic loading of fluid pressure in joints following precipitation or 
snow melt events likely contributed to progressive failure of intact rock bridges. The occurrence of 
permafrost within the failed flank may have influenced slope stability, as changes in the 
temperature and ice distribution related to ongoing climate warming combine to reduce 
discontinuity shear strength while contributing to the formation of new groundwater flow paths. 
The heavy precipitation several days before the slope failure may have acted as a final trigger of 
the rock avalanche, as high water pressures could have resulted in irreversible displacements along 
persistent fractures. The delay of 16 days could be explained by the snowfall and subsequent snow 
melting. However, air temperatures were in this period only slightly above 0°C, provoking 
probably slow snow melting. Therefore, no distinct trigger event can be conclusively assigned. 
Rock slope stability assessments are particularly challenging in high-mountain regions due to 
difficult or impossible site access. Poor data availability and specific characteristics of cold 
mountain environments, such as glacier and permafrost occurrence, that are particularly sensitive to 
climatic change, introduce further complexity. In such environments it is important to proceed with 
an integrated approach slope stability, which considers a broad range influencing factors.  
Fischer et al.: Periglacial rock slope stability assessment 
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Our approach of multi-factor analysis in combination with geomechanical modeling proved 
appropriate for failure analyses in such complex terrain, despite existing data limitations. Initial 
topography and glaciation history can be reconstructed by the means of remote sensing and surface 
temperature distribution can be modeled if climatic and topographic data are available. It has been 
shown that permafrost occurrence, related water pressure conditions, and stability modeling can be 
interrelated. However, even though the surface ground temperature can be approximated with some 
reliability, temperatures at depth strongly depend on thermal fluxes associated with three-
dimensional effects, joint systems and other factors. The prevailing uncertainties that propagate 
into the groundwater conditions are a challenge for geomechanical modeling, and therefore more 
research is needed. This study has also pointed out that sufficient information on rock mass 
characteristics for reliable analyses can only obtained by in situ investigations, a particular 
challenge that can only partly be overcome by advanced technology such as high resolution remote 
sensing. In summary, the strength of our approach in this work is consideration of an integrated set 
of controlling factors that influence slope stability in high mountain regions, and the development 
of a framework for geomechanical modeling based on limited data availability, as is typical for 
these environments.  
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